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A thorough revision of this work has been made to bring it into accord 
with more recent practice. Advantage is taken of this opportunity to 
make changes in matter and in arrangement, which it is believed will make 
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CiHAPTER I 

ELEMENTARY STEAM 'POWER PLANTS 

- 1. General. — By far'the greater part of tlie lucchanical and electrical 
Energy grnuuatcd for industrial purposes is furnished by the steam power 
plant. Despit(! the rapid progress of the iTiternal combustion engine 
and the intensive (Uivelopmont of water pow('r, the steam power plant 
still leads the field in output and will probably eonlinue to do so for years 
to come. 

The primary object of a power plant is f.o furnish energy in the desired 
form, the point of utilization, at the lowest ultimab^ cost. The hydro- 
elec^ plant requires no fuel in the accepted s('ns(' of the term, and the 
Diesel i^^nc requires less fuel than any other type of prime; mover for a 
giveh, ohlput, so that at first ^anfee it would appear that cither of these 
two would supersede the steam plant, with its extravagant waste of 
fuel; but the cost of fiud is only one of the many il^mis of expense enter- 
ing into the , ultimate (sost of power. Besitles, with f(!w exceptions, our 
large water falls arc remote from industrial ('(UiteTs, and the Diesel engine 
is praiCj^s^y&lpeBtricted to the use of licjuid fuel. P’urthermore, the first 
cost of '^dro-electric plant is usually far above that of a steam-electric 
plant .-e^vi^pt capacity and it is not feasible to transmit the energy 
beyond a oortein limited zone. The Diesel engine has not been con- 
this country for large central stations, partly because of the 
•Oemparidiively low c{ii)acity of the largest units so far designed (12000 
■fer. hp.). The multiplicity of such units required to meet the demands 
of our large stations would be objectionable because of space require- 
ments, high first cost, and cost of attendance; but for stations under 
5000 kw. rated capacity, the Diesel engine may offer many operating 
advantages and economies. Because of its exceptionally high thermal 
efficiency there is a marked tendency toward the increa.sed use of the 
Diesel engine, not only in the small plants but also in plants of consider- 
able total capacity, consistil^s of units of relatively large size., The 
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modem Bteam-turbino plant is comparatively low in first cost; enorDM^ 
capacities may be generated in a small space; labor and attendance Hdtp 
be reduced to a minimum; and the ])lant may he located near the po^p^ 
of power utilization. The* low heat efficiency factor of the steam-turbiite 
may be more than offset by these' advantages. Ilowcwer, each type o| 
prime mover has a field in which it is superior to th(' others,’ but all the 
factors entering into the problem must be fully, considered before an 
intelligent choice can be mad('. 

Steam power plants may be grouped into two gcmeral classed?, com- 
monly designated as isolated stations and central stations. A i)knt de- 
signed to furnish power or heat to a single building is an isolated station, 
but the term is frequently applied^to a plant serving a group of buiWingS. 
A plant which distributes j)©wer oi‘ heat to a myii})ei of consumers, more 
or less distant, is called a central station. When the tlistances are very 
great, electrical current of high tension is employed, and is transformed, 
converted, and distributed at convenient points, through sub-stations. 

Steam power plants art' also chissified as condensing and non-con- 
densing, according to the disposition of the exhaust steam. If the ex- 
haust is condensed for the purpose of reducing the Ijack pressure, the 
plant is said to be operating condensing. If th(' exhaust is diaohferged 
at or near atmosidieiie pressure, the plant is said to Ix' t)pcrati)3g non- 
condensing, even if th(' vapor is ultimately condensed in a feedwater 
heater or in the coils of a heating system. When the exhaust stewi may 
be used for process work, Heating, or other useful purposes, ae ifi fre- 
quently the case in various manufacturing establishments and in certain 
classes of office buildings, hotels, and the like, it is usually more economical 
to run non-condensing; but where power alone is dc'sired or where only a 
small part of the exhaust can be utilized, the plant is generally operated 
condensing. Under cei’tain conditions where varying quantities 0f exhaust 
steam are necessary for heating or other purposes, and at tilfes time 
considerable power is to bo generated, the plant is operated eondeiii^ing 
but means are provided for extracting a part of the steanlk flWa 
or turbine in its passage to the condenser. 

2. Elementary Non-condensing Plant. — Figure 1 ‘gives a diagratnmatl^ 
outline of the essential elements of the simplest form of si cam power 
plant. The equipment is complete in every respect and embodies all the 
accessories necessary for sucec'ssful operation. Where a small amount 
of power is desired at intermittent periods, as in hoisting systems, 
threshing outfits, and traction machinery, the arrangement is substan- 
tially as illustrated. The output in these esuses seldom exceeds 50 hp., 
and the time of operation is usually short; therefore the cheapest of ap- 
pliances are installed, simplicity and low first cost being more important 
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^iSb^ economy of fuel. Such a plant has three essential elements: (1) the 
i^rnace, (2) the boiler, and (3) the engine. Fuel is fed into the furnace, 
S^l^ere it is burned. A portion of the heat liberated from the fuel by 
^jeombustion is absorbed by the water in the boiler, converting it into 
eteam under pressure. The steam, being admitted to the cylinder of the 
engine, does work upon the piston and is then exhausted through a suit- 



Fig. 1. Elementary Non-condensing Plant. 


able atmosphere, llie process is a continuous one, fuel and 

water, being fed into the furnace and the boiler in proportion to the power 
demandejcL 

In sugIi an. elementary plant, certain accessories are necessary for 
i^ocesitful operation,.. The grate for supporting the fuel during combustion 
consists of a cast-iron grid or of a number of cast-iron bars spaced in such 
a manner as to permit the passage of air through the fu(d from below. 
The solid waste products fall through or are “ sliced ” through the grate 
bars into the ashpit, from which they may be removed through the ash 
door. The latter acts also as a means of regulating the supply of air 
below the grate. Fuel is fed into the furnace through the fire door, and 
when occasion demands, tdr may be supplied above the bed of fuel by 
means of this door. The combustion chamber is the space between the 
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bed of fuel and the boiler heating surface, its office being to afford a 
for the oxidation of the combustible gases from the solid fuel bt^forc tl® 
are cooled below ignition ternperatun.* by the comparatively cool surfa<^ 
of the, boiler. The chimney, or stack, dischargers the pioducts of com* 
bustion into ,the atmosphere; and sciwes to create the* draft necessary to 
draw the air through the beel of fuel. Various forced-draft appliances 
are sometimes used to assist or to entirely replacp the erhimney. The 
heating surface is that portion of the boiler area which comes into con- 
tact with the hot furnace gases, absorbs the heat, and transmits it to the 
water. In the small plant illustrated in Fig. 1, the major portion of the 
heating surface is composerd of a number of fire tubes below the water 
line, through which the heated gases pass. The superheating surface 
is that portion of the heating«surface whicdi is in /roptac-t with the heated 
gases of combustion on one side and steam on the other. The volume 
above the water level is called the steam space. Water is forc(*d into the 
boilers either by a feed pump or an injector. In small plants of the type 
considered, steam pumps, are seldom en^ployed; the injector answers 
the purpose and is considerably cheaper. A safety valve connected to 
the steam space of the; boiler automatically p(‘rmits steam to escape to 
the atmosphere if an (*xcessiv(r pressure is reached. Tlu* water level* is 
indicated by try cocks or by a gage glass, the to]3 of which is connected 
with the steam space and the bottom with the water space. Try cocks 
are small valves placed in the water column or boiler shell, one at normal 
water level, one above it, and one below. By opening the valves from 
time to time, the water level is approximately ascertained. They are 
ordinarily used in case, of accident to the gage glass. Fusible plugs are 
frequently inserted in the boiler shell at the lowest permissible water 
level. They are composed of an alloy which has a low fusing point and 
therefore melts when in contact with stcram, thus giving wamil^ by the 
blast of the escaping steam if the water level gets dangerously low. The 
blow off cock is a valve fitted to the lowest part of the boiler, tp it of 
water or to discharge the s(*diment which deposits in the bottom, Tlie 
steam outlet of a boiler is usually called the steam nozzle. 

The essential accessories of the simple steam engine* include: a tUtottlo 
valve for controlling the supply of steam to the engine; the governor, 
which regulates the speed of the engine by governing the steam supply; 
the lubricator, which is usually of the sight-feed " class, is attached to 
the steam pipe, and provides for lubrication of piston and valve. Lubri- 
cation of the various bearings is effected by oil cups suitably located. 
Drips are placed wherever a water pocket is apt to form, in order that 
the condensation may be drained. The apparatus to be driven by the 
engine may be direct cozmected to the crank shaft or belted to the fly- 
wheel or geared. 
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small plants of this type, no attempt is made to utilize the exhaust 
|||fc^>am, except in instances where the stack is too short to create the neces- 
draft, in which case the exhaust may be discharged up the stack. 

; ’if .the draft is produc('d by convection of th(^ heated gases in the chimney, 
the fuel is said to be burned under natural draft; if the natural draft is 
assisted by the exhaust steam, the fuel is said to be burned under mechan- 
ical draft. The power realized from a given weight of fuel is very low 
and seldom exceeds 2^ per cent of the heat value of the fuel. The dis- 
tribution of the various losses in a plant of, say, 40 hp. is approximately 


as follows : 

B.t.ti. 

Heat value of 1 lb. of coal 11,000 

Boiler and furnace losses, 50 per cent 5,500 

Heat equivalent of 1 bp. -hr 2,547 

Heat used to develop 1 hp.-hr. (50 lb. steam per hp.-hr., pressure 80 lb. 

gage, feedwat/er 67 deg. fahr 57,500 

Per Cent 

Percentage of heat of the steam realized as work, 4.4 

2 547 

Percentage of heat value of the coal realized as work, r / ^ — ttfk ■ • • ■ 2.2 

~ U,oU 


In Europe, small non-condensing plants are developed to a high degree 
of eflSciency. Through the use of highly superheated steam and specially 
designed engines and boilers, plants of this type as small as 40 hp. are 
operated with overall efficiencies of from ir>>to 12 per cent, and a 120-hp. 
unit has been credited with an efficiency of 15 per cent. 

The power plant of the modern locomotive ifi very much like that 
illustrated in Fig. 1, the main difference lying in the type of boiler and 
engine. The entire exhaust from the engine is discharged up the stack 
through a suitable nozzle, since the extreme rate of (jombustion requires 
an intense draft. The engine is a highly efficient one compared with 
that in the illustration, and the performance of the boiler is more eco- 
npxhical. average locomotive practice, about 5 per cent of the heat 
; value of the fuel is converted into mechanical energy at the draw bar.^ 
* In general, a non-condensing steam plant in which the heat of the ex- 
|iaust is wasted is very uneconomical of fuel, even under the most favor- 
able conditions, and seldom transforms as much as 7 per cent of the heat 
value of the fuel into mechanical energy. 

Steam turbines are not much in evidence in small non-condensing 
plants, because their use results in no particular saving in first cost, at- 
tendance, maintenance, or space requirements, and the steam consumption 
per unit output is higher. 

^ ^ Best modem practice gives about 8 per cent as a maximum. 



a 


STEAM POWER PLANT ENGINEERING 


3. Non-condensing Plant — Exhaust Steam Heating. — Figure 2 gives 
a diagrammatic arraiigemcTit of a simplo non-coiidonsing plant, differing 
from Fig, 1 in that the exhaust is used for heating purposes. This shows 



the essential elements and accessories but omits a number of small valves, 
by-passes, drains, and the like, for the sake of simplicity. The plant is 
assumed to be of sufficient size to warrant the installation of efficient 
appliances. Steam is led from the boiler to the engine by the steam 
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The iiioisturo, if any, is roinovcHl from tho sti^am before it enters 
cylinder by a steam separator. The moistiin' drained from the 
separator is eitlun* discharjj;(‘d to waste or returned to the boil(‘r. The 
exhiiust st('am from the enfrim‘ is dis(‘harKed intt) th(‘ exhaust main, where 
it mingles with th(' steam exhausted from th(' stc'am j)iimi)s. Since the 
exhaust from ('nf;ines and pumps contains a lai>»;(‘ portion of the cyliiuh^r 
oil that has been introdiu^ed into the live steam for liibi’icatinf^ puri)oses, 
it passes through an oil separator bc^forc* entering the heatinp; sysbrni. 
After l(“ivinj*; the oil s('i)arator, the (‘xliaust steam is div('rted into two 
paths, part of it (mbainp; tlie feedwater heater wlu^n' it cond(*nses and p:iv(\s 
up h(^at to the f(‘('dwatei‘, and th(‘ remaindei- flowing to the heating system. 
During wajiii \v(‘atii(M’ the engine gcmerally exliausts more sU’am than is 
necessary for heating jmrposes, in whicdi cascadin' surplus st,(nim is auto- 
matically discliaigc'd t<) th(‘ exhaust head through the back-pressure 
valve. The back-pressures valve is virtually a large, wenghted check 
valve which lemains clos(‘d when tlu^ pressure' in the heating syste'iii is 
below a e*-ertain [)ie‘se‘ril)eel amount, but whiedi e)i)e'ns aiitennatically when 
the pressure' is gre'jite'r than this amount. During e*e)ld we'ather it oftem 
happens that the' e*ngine' e'xhaust is not suflie-itmt to supydy the heating 
system, the' radiatuis conelemsing the steam mem* lapielly than it can ])e 
supplied. In this case* live steam fremi the be)ile'j' is auteatiatically fed 
into the main floating suiijily pipe through the' reducing valve. 

The condensed ste*am and the en trainee! air whie‘R is always present 
are automatically discharged from the radiators, by a thermostatic valve, 
into the returns header. The thermostatic valve is so e'unstructeel that 
wheai in contact with the comparative'ly coeil water of e^onelensation it re'- 
mains open anel when in cejntact with stevam it cleise's. The vacuum 
pump, or vapor puuij), e'xhausts the conelenseHl steam anel air from the 
returns header and discharges them to the returns tank. The small 
pipe, S, admits cold water* to the vacuum ])ump, anel serves tei cemelense 
the heated vapor and at the' same time to supply the necessary makeup 
water to the system. The^ returns tank is open to the atmersphere*, so 
that the air discharge'd from the vacuum pump may e'seape. From the 
.returns tank the? cone^^'nseel steam gravitates to the feedwater heater 
where its temperature is raised to practically that, of th(' ('xhaust sU'ani. 
The feedwater gravitatc's to the feed pump and is forc(*d into the; boik'r. 
There are several sysb'ins of exhaust steam heating in currc'iit practic^e. 
They differ consideralrly in details, but, in a broad sense', are' similar to 
the^ne just described. The more important of theses yvill lx* de'seribed 
later on. 

During the summer months when the heating syst.em is shut down, the 
plant operates as a simple non-condensing station, and iiractically all of 
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the oxhuust st(*ani, to prrhaps 80 ])(‘r ('(Mit of fho boat value 

of th(‘ fool, is vvasUMj. Tbo total r,oal roiisuiuptioii, llaacToro, is charged 
against tho jK)\v(‘r dovc'lojK'd. During tli(‘ winOa* inontlis, however, all, 
or nearly all, of th(' (‘xhaust stt'ain may 1)(‘ us(*(l foi' hf'aling purposes, and 
the pow(M' l)f'eom(\s a relaf-iv(‘ly small pcaaa'ntage of tli(‘ total fiK'l energy 
utilized. 'Ph(' peicaait-age r)f luait value" of tlu" fut'l ehaigeahk" to j)ower 
depcauls upon thf‘ size* of tlu' plant, the" numlxa' and eharaeii'r of engines 
and [)oile‘rs, and thc^ eonditions of operation, it range's any when* from 
50 to 100 ])('!■ cent for the summeu’ months, and may run as low gtis 0 per 
cent for tiu' winU'r months. This is on the" assumption, ol\ course, that 
the" engine" is dehite'd only with the" elifference In'twe'eai the eofil n(*e*e\ssary 
to proeluee the heat entering the (Alinde'r and that utilizeel in the" heating 
svste'Ui. 

" . ei , . , 

bteani turl lines are' firepientlv installe'el in plae'e* of pistem e'ngme's. The 
general arrange'ine'nt e>f the plant is the' same with ("it her type" of ])rinie 
mover, except that no oil sei)arate)r is ne'e'e'ssaiy for tlu' turbine plant. 

4. Elementary C'oiicleiisliig Plant. lhd("r ordinary faveirable' eondi- 
tions, a non-eonelensing [)lant canned be (‘xpeede'd to n'alize" more than 
7 per cemt of the' lu'at valiK" of the" fue"! as powe"]’. In large" eondemsing 
))o\ve'r stations, the" (h'maiid fe>r ("xhaust. steam is usually limited to the^ 
heating of the' fec'dwate'r, arid as only 12 oi 15 i)er ce'iit e'an be^ utilizeel in 
this manne'r, the- gr’C'ater* portion of the heat in the e'xhaust is lost. Non- 
condensing engine's using saturated ste'am i‘('(iuirc from 20 to 00 lb. of 
ste'arii [)er hour for (‘aeli h]). developc'd. On the other hand, in eondensing 
engines, the' steam cornsumption may be' reelnea'el to as low as 10 pounds 
per hp,-hr. The saving of fiu"l is at one'e appaie'ut. 

Figure 3 giv(\s a, diagranuteatic" ariangerneiit eif a simple' coal-burning, 
piston-engine eonde'iising })lant in which the liack ])r('ssure on the engine 
is reduced by eonde'iising the" exhaust steain. A dilfereut type of boiler 
from that in Fig. 1 or l^dg. 2 has bee’ii se"lee"te'd, for the purpose of bringing 
out a few of the chafaete'ristie e'leauents. The preiducts of combustion, 
instead of jiassing directly t hrough fire tubes te) I he" stack, as in Fig. 1, 
are detle(*t("d back and forth across a number of water tubes, by the 
bridgewall and a serie's of baffles. Afte'r imparting the" greater part of 
their heat to tlu’ lie'ating surface", the products of ('ombustion escape to the 
chimney through the' breeching, or flue. The rate" of flow is rc^gulated by 
a daiiRM"!' plaee"d in the" bre'ee'liing, as indicated. 

The st(‘am geni'rated in the boiler is led to the engine through the 
main header, llu" steam is exhausted into a condenser, in which its 
latent heat is abscubed l)y injection or eejoling water. T\w proc("Ss con- 
denses the' steam and cr('at('s a ])artial vacuum. The" condensed steam, 
injection water, and tlui air which is invariably pres(*ait are withdrawn 
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Fig. 3. Elementary Condensing Plant (Reciprocating Engine). 
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by an air pump and discharged to the hotwell. In case the vacuum 
should fail, as by stoppage of the* air pump, the exhaust steam would be 
automatically dischargcid to the exhaust head by the atmospheric relief 
valve, and the engine would op(‘rat(! non-condensing. The atmospheric 
relief valve is a large ‘ check valve which is held cIoschI by atmospheric 
pressure as long ns tli(‘re is a vacuum in th(j condenser. When the vacuum 
fails, the pressure of tli(? (‘xliaust bec^omes greaba* than that of the atmos- 
phere and the valv(i ojxuis. 

The feedwater may be taken from the hotwell or fi’orn any other source 
of supply, and forced into the heater. In this particular case, it is taken 
from a cold sui)ply, and upon entering the heater is heated by th(i exhaust 
steam from th(‘ air and feed pumi^. From thc‘ heaUrr it gravitates to the 
feed i)ump and is forced into th(i boiler. Various othen- combinations of 
heaters, pumps, and cc)nd(uisers are necessary in many leases, depending 
upxrn the conditions of operation. Fc‘ed ])umps, air pumps, and in fact 
all small ejigines us(‘d in connc'ction with a steam powen- plant are usually 
called auxiliaries. 

A w(^ll-designed station similar to the one illustrated in Fig. 3, when 
operating unden* favorabl(‘ load conditions, is capable of converting about 
10 ])(n’ cent of the h(*at valu(‘ of the fuel into electrical energy. The 
heat distribution unden* avcjage conditions is approximately as follows: 


JiOlLKTt LOSSES 

Loss du(i to iiicl falling, ihrc^uj^h the grate 

Loss due to iiU'oiu|)l('tti eoinbiistioii 

Loss to heal earned aw:iy in chimney gases . . . .... 

Radiation and oUkt los.ses ... 

Total. . * . . . « . 

Heat used liy engines and auxiliaries ( 1(» Ih. of steam per i.hp.-hr., 

pre.ssure 150 11) alj> , feedwater lill) deg. falir 

Engine and gcaieralor friction, 10 per cent 

Leakage, radi.ation, etc , 2 pcT cent . 

Total 

Heat equivalent of one electrical hj).-lir. 

Percentage of the heat value of the steam converted ^nto elec- 
trical (‘iK'rgv 

Percentagi'. of heat value of find converted into electrical energy 
2517 X 0.7 

18,200 ■ 


Per Cent 

4 

2 

16 

_8 

30 

B.t.u. 

16,250 
1,625 
325 
18,200 
2,547 B.t.u. 

14.0 (Approx.) 


9.8 


In P^uropc, coinparativtdy small piston-engine plants, operating with 
initial pressure of 500 lb. ptT sq. in. absolute, initial temperatures of 800 
deg. fahr., and vacua of 1 in. absolute, have shown overall efficiencies, 
at the most economi(;al load, of 20 per cent; and there are a number of 
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piston-engine central stations in the United States, opei aling with moderate 
pressures and superlioat, whi(‘li have rc^alized overall ('ffieiinu^ies of Ki per 
cent for a short j)eriod of lime; Init, taking into consideration variation 
in load and all standby losses, ('fficiencies ov(‘i‘ 12 jx'r cent an' e\(’(‘ptional. 
These values refer only to the simple condensing plant without ('conoinizers, 
preheaters or heat-saving appliances other than tlu' ciistoniaiy exhaust 
steam feedwater heaters. 

Figure 4 gives a diagrammatic an*angement- of one sci'tion of a large 
bulk coa}-burning turbo-alternator (‘.entral station wilhoiit- eipiipment for 
reclaiming waste' heat. Each se'e'tion is, to all intc'nts and ])urpos('S, an 
independent plant. It will be noted that the' ('ssi'nlial ('leinents an^ 
practically the same as in the r(H*iproc!iting st.ation engine plant, Fig. 3, 
differing only in size' and dc'sign. 

The power house, (‘oal storage jiile, storage' and switedi tracks, over- 
head bunkers, and coal and ash conveyors have' Ix't'n omitted for the sake 
of simplicity, though the fiK'l supply and distributing sysb'in is an im- 
portant factor in the' design and ope'ration of th(‘ ])lant. Assuming the 
coal bunkers over the boik'rs to be supj)li('d with fu(‘l, th(' o])eration is as 
follows: Coal ek'seends by gravily to tlu' stokers, whi(‘h, iji this ]xir- 
ticular case, are of the undc'rfeed, slo])ing tin'-bed typ('. Ash iuid clinkers 
are removed by clinker grinders located in a pit, arid are discharged into 
the ash hopper. Steam- or motor-driven lilowers supjily tlu' air recpiin'd 
for combustion. 

The boilers are much larger individually and fewc'r iii number than in 
the old-style reciprocating-c'ngine plant, and gr'iu'rate sU'ain at 200 to 
350 lb. pressure, sujK'rheated to a[)proxiinat(‘ly 700 d(^g. fahr. When 
operating the turbines at full load, th(' lioikns an' drivc'u at 175 to 200 
per cent or more of their commercial rating. Reserve oi- spare boilers 
are reduced to a minimum. Whc'n a boik'r is cut out for n'pairs, the 
rest of the battery is operated at fiom 225 t,o 350 [X'r cent rating or more, 
in order to evaporate the retpiired amount of watc'i'. Each batb'iy is 
designed to furnish sU^ani directly to one particular tm bine, but by iiK'ans 
of a crossover main the steam from any battt'ry of boilc'is may flow to 
any turbine. 

The prime movers are horizontal steam turbine's direct connected to 
alternators. The bc'arings are oil-cooled, and lubriciition is automatically 
efifccte<l by means of a pump (wmc'cted to the govc'rnor shaft. lOach 
generator is normally excited by the main exciter mountt'd on an ex- 
tension of the genc'rator shaft. The generator field may also lie c'xcited 
from an independently driven exciter or from th(' station storage battery. 
Air, washed and conditioned if necessary, is drawn into the geux'rator by 
centrifugal fans mounted on the rotor, and absorbs the electrical heat 
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Fig. 4. Elementary Turbo-alternator Station. 
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losses. The efficiency of tne generator is /cry high (9() p(‘r cent), and yet, 
because of the great amount of energy transformed in the generator, this 
4 per cent loss represents a larg(^ amount of heat and forc(‘d ventilation 
is necessary to prevent overheating. 

The condenser is ordinarily of the surface-condensing typci and is at- 
tached directly l)elow the low-})ressure end of the tuibinc. A much 
higher vacuum is maintained in the condens(n\s than in reciprociiting- 
engine practice, since th(i tuilnne gives its l:)est efficiency at low l)ack 
pressures. Condensing water is circulated through the tulx^s of the con- 
denser by motor-driven or steam-driven centrifugal pumi)S, and the con- 
densed steam or condensate collected in th(' hotwells is withdrawn by 
a turbine-driven or rnotor-drivcm hotwell pump. Air and non-conden- 
sable vapors are removed by a dry air pump, st^^am or el(H‘trically driven. 
Rotary air pumps, turbo-air pumj)s and stc^am ejectors are also used for 
this purpose. The hotwell pump dischaig('s the condensate into a feed- 
water heater, which rc'ctuves the steam ('xhausted from the steam-driv('n 
auxiliaries. The stc'-ani-turbiiK' or motor-driven centrifugal boiler feed 
pump takes its supply from tln^ feedwater hc^ater and dthvers it to the 
boiler. 

A station similar to the one illustratcMl in Fig. 4, ('quipped with 20,000- 
kw. units, is capable of converting over 18 i)er (‘cnt of the heat value of 
the fuel into electrical energy when operating at its most ecionomical load. 
Under commercial conditions of operation, with its attendant standby 
losses, the average overall efficieTicy ranges froiA 12 to 10 per cent. 

In industrial plants whc're steam is us(*d for heating or manufacturing 
purposes, or for both, and where th(‘ i)ropoi'tionat(^ demand for low- 
pressure steam and powc'r would make a straight non-(‘ond(msing turbine 
uneconomical, it is common practice' to install a bleeder turbine. This 
design is a form of condc'iising turbim' from which st('am may be extracted 
at the desired pressure, eithc^r automatically or by manual control. It 
may be designed for partial or 100 per cc'iit extraction, depimding upon the 
low-pressure steam and the eU^ctrical load requirenu'nts. In th(^ large, 
modem power house using electrically diiven auxiliajic's, the turbines 
a^e of the bleeder type, steam being ('xtracted for h'cdwater hf'ating from 
as many as four different pressures stages. In certain (dassc's of manu- 
facturing plants where there is an excess of exhaust steam from various 
steam-using devices, the mixed-pressure turbine has been found to give 
good results. As the name implies, mixed-pressure turbines are (h'signed 
to nm on both high-pressure and low-pressurc' steam at the same time, 
using all the low-i)r('ssur(i steam available and sufficient suj)pU'mentary 
high-pressure steam to carry the load. When there is sufficient low-pres- 
sure steam to carry the load, no high-pressure steam is used; and vice 
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versa, where there is no low-pr^^ssurc steam available, the turbine functions, 
as a high-prcssur(i machine. Low-pressure turbines are operated by 
exhaust steam only and ar(' installed where there is an ample supply of 
low-pressure^ st(\am to carry th(‘ loads at all times. In a numb(‘r of large 
central stations, current for th(‘ el(‘etrically driven auxiliaries and other 
house servicio is furnished by a house turbine. The exhaust from this 
turbine (at about 1 lb. gage pressure) is us(‘d to heat the feedwater for the 
entire plant. 

The house turbine may be used (J) in conjunction with other steam- 
driven auxiliaries, (2) wh(‘n all the auxiliari(\s ar(^ driven by the house 
turbine with an em(ug(‘nc 3 ^ supidy available from the main units, and (3) 
where current for i)art of the au!<iliary power is furnished by the main 
units. In the lathu- case^y^art of th(" sl(‘am for feed heating is bled from 
the main unit. 

5. Condensing Plant with Kqiilpment for Reclaiming “ Waste Heat.” — 

When fuel is (mostly, it l)('(;om(‘S n('C(‘ssary, for the sak(^ of economy, to re- 
duce the heat wast(\s as much as j)ossiblo. T1 k‘ chimney gases, which in 
average ])racti(U' ai(' dis(*harg(‘(l at a bunyjeratun' between 450 and 550 
deg. fahr., r(‘pi (‘S('nt a loss of 20 to 30 p(T (^ent of the total valu(^ of the fuel. 
If part of the heat could be r(‘claimed without impairing the draft, the 
gain would b(' din'clly pi’ 0 ])ortional to th(‘ redu(‘tion in temperature of 
the gas(‘S. Again, in som(‘ types of condensers, all of the steam exhausted 
by the engine is coiuhuised by the circulating water and discharged to 
waste. If jirovision could ’’oe made for utilizing i)art of the exhaust steam 
for feedwater heating, the (‘fficiency of the y)lant could be correspondingly 
increased. In main" cases the cost of installing such heat-saving devices 
would more than offsc't the» gain (‘ffectc^d, but occasions arise Avhere they 
give marked economy. 

P'igure 5 gives ii diagrammatic arrangement of a (‘-oal -burning, yiiston- 
engine, condensing i)lant in which a number of devices for reclaiming 
“ waste heat ” art' installed. The jdaiit is assuiiK'd to consist of a number 
of engines, boilers, and auxiliai’ies. ('oal is automatically transferred 
from the cars to coal hojipers yilaciHl above the boiler, by a suitable con- 
veying system. Th(‘se hoyipers store the coal iy sufficient quantities to 
keey) th(' boik'i’ in continuous oyxM’ation for some time. IVom the hoppers 
the coal is fed int('riiiittentl.y to th(* stoker by means of a down spout. 
The stok('i‘ feeds the fui'iiaci' in yrroportion to th(' yiower demanded and 
automatically rejects the ash and refuse to the ashpit. The refuse is 
removed from the ashpit when occasion demands, and is transferred to a 
central ash hopyier or dumyied dii’ectl^" into cars. 

The products of combustion are discharged to the stack through the 
flue, or breeching. Within the flue is placed a feedwater heater called an 
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economizer, the function of which is to uhsorl) piirt of th(‘ h(\'it fj'oni thf^ 
gases on their way to th(* chimney. The heat reclaimed l)y the economizer 
varies widely with the* conditions of operatiini and langc's l>etw(*(!n 5 and 
20 per cent. Rin(;e the economizer acts as a r(‘sistanc(‘ to th(^ passage of 
the products of combustion, it is sometimes necessary to increasr; the draft 
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either by increasing the height of the chimney, or, as is the usual practice, 
by using a mechanical draft system. 

Part of the heat of the exhaust steam is reclaimed by a vacuum heater 
which is placed in tlu' exhaust line between engine and condenser. For 
example, if the feedwater has a normal temperature of 60 deg. fahr. and 
the vacuum in the condenser is 26 in., the vacuum heater will rais(i the 
temperature of th(i fec'd to, say, 120 deg. fahr., thereby effecting a gain in 
heat of approximately 6 per cent. If the feed supply is taken from the 
hotwell, the vacuum heat(*r is without purpose, as the temperature of the 
hotwell will not be far from 120 deg. fahr. \ 

Referring to the diagram, the path of the steam is as follows: From 
the boiler it flows through the boilhr lead to the main header or etpializing 
pipe. From the main he;id(T it flows through the engine lead to the 
high-pressure cylinder. The exhaust steam dis(;harges from the low- 
pressure cylinder through the vacuum heatei* and into the condenser. 
Part of the exhaust sf eam is condensed in the vacuum heater and gives 
up its latent heat to the fc'edwater. The remainder is condensed by the 
circulating watei-, which is forced into the condenscT chamber by the 
circulating pump. Tlie (condensed steam and circulating water gravitate 
through the tail pipe to the hotwc'll. The air whi(^h enters the condenser, 
either as leakage or as ('ni rainiueTit, is withdrawn by the air pump. The 
steam exhaust(‘d by th(^ fecul ))ump, stoker engine, and other steam- 
driven auxiliaries is usually discharged into the atmospheric heater, 
which still further heats f,h^ feedwater. 

Referring to the feedwater, the heat exchange is as follows: The feed 
pump draws in cold water at a temperature, say, of 60 deg. fahr., and forces 
it in turn through the vacmim heater, the atmospheric heater, and the 
economizer, into lh(' boih'r. The vacuum heater raises the temperature 
of the water from 60 deg. fahr. l,o somewhat less than that of the exhaust 
steam, or, say, 110 d(‘g. fahr. for average piston-engine practice. The 
rise in temperature in the atmospheric heater depends upon the amount 
of auxiliary exhaust available. This ranges anywhere from 8 to 15 per 
cent of the engine steam recpiirements for all steam-driven auxiliaries, to 
5 per cent or less for combination motor- and §team-driven auxiliaries, 
In case the auxiliaries are all motor-driven, it is customary to preheat 
the feedwater either with live steam or with steam bled from the receiver 
between the high- and low-pressure cylinders, because the introduction 
of cold water into th(‘ economizer causes excessive external corrosion of 
the latter. When the exhaust from the auxiliaries is in excess of that 
required to heat the water in the atmospheric heater to 212 deg. fahr., it 
is usually more economical to drive part, of the auxiliaries electrically or 
with more efficient steam engines. The rise in temperature in the econo- 
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mizer varies widely with the conditions of operation, hut is roughly 0.5 
deg. fahr. for each degn^e drop in fhi(' gas leiupc'iature. The heat re- 
claimed by this seri(‘s of heaters ranges anywheres from 15 to 25 per cent 
of the total heat delivered to the (‘iigine. If lli(‘ coiid(Uiser is of the open, 
or jet, type and the discharge water is suital)l(' foi- l)oiler feed, tlu^ vacuum 
heater is without purpose, Ixicause the tcMiiperature of the condensate 
will be practically that of exhaust st('am. 

The heat distribution in a well-designed j)iston-engine station, equipped 
with vacuum heater, atmospheric heater and (^conomizer, and oj)eratiiig 
under favorable conditions, is substantially as follows; 

Tib per 
l.JJp.-llr.of 
Mai II 
lOiiKUieH 

Steam supplied to engine, ^itial pressure 1C).5 11). ribs, superheat 

100 deg. fahr., vacamin 20-iii 12 50 

Steam to auxiliaries 

Per Ceiil nf 
Main J'biiEriiie 
S:o;im 
(I. lip. Ummih) 

Forced draft fans . 15 

Induced draft fans 2 0 

Feedpumps, . 1.5 

Circulating pump.s 2.0 

Air purnp.s . ... 1.0 


Miscellaneous 1.0 9.00 1.125 

Steam losses 

Engine and generator friction . .7.0 
Leakage, blow-off, etc. .1.5 

Radiation and other heat losse.s 0 5 9 00 1 125 

Total steam required per electrical hp.-hr 14.75 

n.t u. 

Heat above 60 deg. fahr. required to produce one electrical hp.-hr., 

14.75 [1252 - (60 - 32)1 18,054 

Heat returned by vacuum heater, 14.75 (llO-tiO) 737 

Heat returned by atmospheric heater, 14.75 (195 -110) 1254 

Heat returned by ecionomizer heater, 14.75 (3(K)-195) 1549 3,540 

Total heat to be furnished by steam per elec.trical hp.-hr 14,514 

2547 

Per cent of heat of the ‘flteam realized as power 100 7 - 7 --— 17 5 

14,514 

Boiler, superheater and ec^onomizer efficiency, per cent 76 

Per cent of heat of fuel required to furnish one electrical hp.-hr. 

17.5X0.76 15.3 

In Europe, small condensing piston-engine plants, of the locomobile 


type, operating on substantially the same principles as the one just de- 
scribed, but with very high pressures and superheats, have shown overall 
efficiency (coal pile to switchboard) of 22 per cent at th? most economical 
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load, and 18 por voni undcM' regular op(‘rating conditions; but these 
results livo excu'ptj'onal. It is (juite j)ossi))le to realize such efficiencies 
in specially d(‘sigrie(l jiist on-engine central stations; hut with the present 
price of I’lk'I, tlu* tixi'd and op(*rating (rosts would more than offset the 
thermal gain. Piston ('ngines an' not in evid(‘nc(‘ in large, modern steam- 
el(!ctric centi’al stations, chielly on account, of their enormous bulk, high 
first (iost, and j(‘lativ(‘ly ])oo]* ('coiiomy. For the smaller central stations, 
the juston engine, particularly of th(' uniflow type, is still an active com- 
petitor with oth(‘r source's of power. 

P^igurc' () give's a e liagrai uniat ic laye)ut of a mexlern steam-turbine ^lant 
(l('signeel ale)ng the' ge'neral line's e)f Fnit No. 1 of the Waukegan Plant of 
the Public Se'rvie'.e Ge^mjiany of •Northern Illinois. In oreler to avoid 
confusie)!! in the^ elrawing, the' e'e)al- anel ash-hanelling equipment has 
been jiartly omitt.cel and the' fe'e'ehvate'r heating systc'm has bt'cn reduceHl 
te) its simple'st e'le'uie'uts. ('e)al is ele'live'ie'el in railre)a(l cars te) the station, 
whe're it may be unle)aele'(l c'itlie'r te) steirage' or te) track hopper. Although 
provisie)!! h.'is be'e'ii maele' in the' Wauke'gan statie)n lor the* future installa- 
tion e)f a car dumper anel a. steirage' anel reclaiming bridge, with belt con- 
veyors te) carry tlie' ce)al to anel fre)m ste)rage', the jiresent arrange'! uciit is 
to wedgh the' ce)al on a, track scale anel eluni]) it. into the track heipper, 
from whie-h it. is cairie'el by a single* 8()-ine*h belt e‘e)iive'yor te) the breaker 
building, 200 It. elistant. At the l)re‘ake'i‘ buileling, miscellaneous foreign 
mate'iial is vse'j)arated e)ut anel the' ceial is bre)ke'n tei the correct size^ for the 
stokers. k're)m the* bre‘ake)i- the' voi\\ is ele'livere'd to a syst.e'in of 29-in. 
belt conve'yeirs, we)iking in a long overhead runway, which feH'ds it into 
cross conveyors. The* latte* r elistribute* the*, ceial unifeiimly into the^ e^ver- 
heael bins. l^'re)m The'se biys the e*e)al gravitates through down spouts 
te) the iueliviehial steiker heijipers. Ash is de'])e)sited fiom the end of the 
grate iiite) a 50-ton ash ho])i)e‘r, from which it is droppe'd intei stanelarel 
railre)ael cars. 

There are* thre'e' boile'rs of the* cross-drum type fe)r the 25,000 kw. turbo- 
generator. Pku'h boiler has its own ee-oneimizer, pre'heater, anel individual 
inelue’.ed- anel fe)re*e'd-draft fans. Steam is ge'iierated at a pressure of 
400 lb. gage anel superheateel to a final temperaturj* of 700 deg. fahr. The^ 
stokers are e)f the* forced-draft, traveling-grate type, individually driven 
by a 10-hp. vaiial)le-si)ee'el alte'rnating-e'urre'nt meitor. Air for corn- 
bustioq is su))i)li('d by a combination of force*el- anel induced-draft fans, 
each boiler ha^'ing e)ne fan of e'ach type. Each fore^ed-draft fan is driven 
by a 75-hp. direct conne'e'ted 440-volt variable-speed motor and has a 
maximum elise-hargc capaeaty of 60,000 cu. ft. of standard air per min. 
against a static he'ad of 2 in. water pressure. Eaeih induced-draft fan is 
driven by a 150-hp. motor and has a capacity of 92,000 cu. ft. per min. at 




Fig, 6. Elements of a Modern Turbo-alternator Plant with Extraction Heaters, Air Preheaters and Economizers. 
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350 dog. fahi'. tonperaturc. Th(* air is forced through a preheater and 
its tompcraluro is increased approximately 100 degrees at 200 per cent 
boiler rating. (Control of th(^ spen^d of fans, as well as that of the stokers 
and the position of lh(i wind box and uptake dampers, is by manual 
operation. Th(i induced-draft fans discharge into a single stack, 146 ft. 
in height above' the gratis and 15 ft. in diameter. 

The prime mover for the unit is a 27,777-kva. singlt'-cylinder, 1800 
r.p.m., thre(i-])liase, 60-cycl(% 12,000-volt Allis-C'halmers turbo-alternator 
of the bleeder type. Excitation for the^ gene'rator is suj)plied by a 200-kw., 
250-volt generator diree'.t conn(X!ted to the main generator shaft. For\the 
purpose of keeping the generator temperatun' down to the value desig- 
nated for continuous latc'd caf)jJHdty, an open air circulating system, 
which is capable of handling 75,000 cu. ft. of air per min. is provided. 
The system is equipp('d with an air washer. 

Th(^ condenser is of ih(' surface type and has a cooling surface of 32,000 
sq. ft. Cooling water is furnished by a single centrifugal immp having a 
capacity of 35,000 gal. per min. The pump is driven by a 300-hp. two- 
speed induction motor having a speed range of 300-435 r.p.m. Con- 
densate is handled by two 2-stage, OOO-gab per min., centrifugal pumps, 
each driven l)y a 50-hp. constant-speed induction motor. Air and non- 
condensable gas('s arc removed from the condenser by two 2-stagc evactor 
steam jets having a capacity of 30 cu. ft. of free air per hour at 1 in. 
absolute. 

Heating of the condensa^ is as follow^s: The condensate pump, draw- 
ing from the hotwell of the main condenser, forces the condensate first 
through the after condenser of the steam jet air pumps, then through 
the two extraction* heaters, in series, to a OOOO-gal. h'edwater storage 
tank, forming th(? suction for the boiler feed pumps. The first extraction 
heater receives stc'am from the 4-lb. abs. stage of the turbine and the 
second heater from the 18-Ib. abs. stage. The boiler feed pump draws 
from the storage tank and forces the water through the economizer into 
the boiler. A third heater, not shown in the illustration, is used for heat- 
ing the makeup water. This heater takes steam from th(i auxiliaries and 
from the lower-pressure heating system and is ec|uipped with a steam 
ejector and c'ondenscu' for rtmioving non-cond('nsable vapor. A zeolite 
system, having a cajiacity of 7500 gal. per hr. is installed for reducing the 
makeup water to zero hardiu'ss. The softened water passes through 
the condenser mentioned above into a 10,000-gal. hot-water reservoir 
which also receives the high- and low-pressure drips and drains. Either 
or both extractor hc'aters may be by-passed, and the condensate from 
heater No. 1 drains into the condenser hotwell while the condensate from 
heater No. 2 goc's to th(' hot- water reservoir. The feedwater storage 
tank also overflow's to the reservoir. 
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There are three 500-gal. per min. boiler feed pumps per turbine unit, 
two driven by 250 hp., 2275 r.p.m. steam turbines and tlu^ other by a 
350 hp., 1700 r.p.m. induction motor. The power rtMpiired to operate 
all the auxiliary apparatus at full generator capacity is approximately 
3^ per cent of the total output. 

In some of the very lat,(‘st large central station installations, boiler 
pressur(‘s of 550 lb. gage and total steam teini)erat.ure of 750 deg. fahr. 
are employed, and small boiler units of 1200 lb. are in course of construc- 
tion in at least two new proj('cts. In neaily all of the latest plants, the 
station auxiliaries are all motor-driven excerpt certain staiulby units 
which are steam-turbine-drivem. The duplex drive for certain auxiliaries 
is also in favor. With this system the^auxiliary is driven by a motor and 
steam turbine cx)nne(‘tx'd to a common shaft, ^tlu‘. motor being used for 
normal open-ation and th(‘*st('am turbine for emergency. The electrical 
losses are also partially rc'covered, in some instances, by using the con- 
densat^e for absorbing tlu' heat from th(' generat^or ventilating air. The 
heat n^jected by st(‘.ain-('jec.tor jiir pumps, high-pressure gland steam, 
low-pr('Ssur(' gland water, mak(‘up-water evaporators, drips and bewaring 
oil colors is frequently us(*d for heating the condensate or feedwater. 
Deficiency in f(*.edwater temt)erature for the requir(‘d '' heat balance 
is also effected by bleeding i.h(‘ main turbine progressively at one* to four 
points. Feedwater economizen-s for utilizing part of the sensible heat of 
the flue gases are the rule rather than the (‘X(;('ption, though increased 
feed temperatures from stage blciodiiig renckr them Icvss dt^sirable. In 
case of multi-stag(' bk'cding and high-pressure^ and temperature steam 
with stage reheating, which is now being coTisiden’ed for a number of new 
projects, feedwater ecjonotnizers are not to ,be iTicluded, and the waste 
heat from the boiler is to be utilize^d in preh(‘ating the combustion air. 
Preheating air by Ijleeding the main turbine^ unit at one of two stages is a 
feature in two of th(^ new^ plants, but no data an' available as to savings 
effected. A combination iiK'rcury-sh'am unit of approximately 400()-kw. 
capacity is in commercial service* at the Dutch Point Station of the Hart- 
ford Electric Light Co. In this unit, mercury is vaporized in a special 
boiler at a pressure of 35-lb, gage and corresponding temperature of 812 
deg. fahr., and expanded to a 29-in. vacuum in a mercury turbine. The 
mercury exhaust, at a temperature of 414 deg. fahr., is condensed, and its 
latent heat is used for generating steam at about 200-lb. gage pressure. 
This steam is used for operating the conventional type of steam turbine. 
Compared with an efficient steam-turbine plant operating at 200-lb. 
pressure, the mercury-steam combination gives about 50 per cent more 
electrical output per lb. of fuel. To what extent these refinements may 
be .carried out without offsetting the heat economy, by increased first 
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Fig. 7. Approximate Distribution of Energ}’ Losses in a Modem Turbo-alternator Central Station. 
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cost, maintciian(‘o, attcndaiico and iiitorruption to s('i'vic(^ (‘an b(' det(M‘- 
rnined only by careful analysis of all the factors entering into the pi'ol)lein. 
The use of pulverized fuel, and in certain loc^ations fuel oil, has rt'sulted 
in reduced standby losses and increased ov('rall station economy; but 
this is only anoth(‘r one of th(‘ many factors in thi' probhau of (‘conomical 
powcT geri(M-ation. If the pr(*(Ucled r<‘sults of some' of the lat(‘st central 
station projects are realized, a kilowatt-hour may b(‘ d(‘veloi)ed on a 
heat consumption of 12,500 B.t.u., corresponding to an overall (‘fficiency 
of 27.4 per cent, or a pound of coal })er kilowatt-hour.” 

The pcrc.cntage of th(' heat value of the fuel realized as energy at the 
point of c,onsumi3tion is consid(Tably less than the overall (‘flicic'iK'y from 
“ coal-pile to switchboard,” bec'ause .of the transmission, distribution 
and scrvi(‘e losses. These loss(‘s vary within wide limits, dei)ending 
upon the size and ty]3e of bh^ot, character of (Hiuipment, length of trans- 
iXiission line's, and various other influencing factors, kdgure 7 illustrat(\s 
the approximate losses for a large j)laiit such as th(‘ (drawh^rd vVvc'iiuo 
Station of the rommonwealth l^klison (\)mj)any of diicago. 

6. Superpower Plants. -Any of our uUra-mod(‘r!i liirbo-alternator cen- 
tral stations is in effei‘t a supeipower plant., but th(‘ word “ sui)erpower ” 
in this conn(‘ction is intendcMl to rcTer to th(‘ larg(‘ (‘cntral stations 
comprising a part of a regional systemi, advocat('d by Wm. S. Murray, 
through whi(‘h all the large load c,('nt(‘rs within its boumlaries will bo 
linked together. This sysban will inedude larg(‘ bas(‘-load steam-electric 
jdants at tid(‘wat('r, on inland waters or in the (^oal-miniiig territory, as 
conditions may warrant, and hydro-(‘l(‘ctri(* d(‘v(‘lopments at potential 
water-power sites. These new bas(‘-load plants will Ik' liiikcul together 
with the more (‘ffiei(‘iit existing jdants, l)y m(‘a,ns of h(‘avy trunk trans- 
mission lines cai)able of carrying sufficient povvea* to ])(‘rmit; each power 
plant to be opei'ated in the mami(a’ iKaa'ssary to get t.h(‘ grf'atnst. insultaiit 
economy for tht‘ entn(‘ region. This system calls for t,h(‘ ultimate elec- 
trification of the railroads and the supplying of (‘h'ctiieal (auTgy for all 
industrial and domestic recpiirements within lh(‘ pr(‘S(a*ibod zone. That 
large savings will accrue from the regional pow(‘r sysbau is (widenced by 
the savings already effected through th(‘ ('xbaision of our modc'rn central 
stations. The whole question of superj)ower, how(^v(a*, despite its great 
possibilities for good, is not one of engiiu'-ering l)ut rather of financ'X*, and 
the reader is referred to the accompanying bibliography for extended 
study. 

The Performance and Cost of the Superpower AStjsienr Power, Nov. H, 1921, p. 725. 

Economies to be Expected of Superstation. Power, Jutk', 1, 1920, p. 879. 

Superpower Transmission: Jour. A.I.E.E., Feb., 1924, p 3. 
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EXERCISES 

1. Make a cliaj^rainrnatK; outline of a simple iion-eonckinHing plant, correctly locating 
all the essential elements entering into its composition. Indicate by means of arrow 
points the chreid-ion of flow of the feedwater and steam. 

2. Same instruction as in Problem 1, e\(u;pt that a noii-eondeiising plant with ex- 
haust steam heating system is to fie considered. 

3. Enumerate the character and extent of the heat losses from “coal-pile to switch- 
board” in a simple non-iiondeiising piston-engine plant. 

4. Beginning with the cold water sujiply, trace the iiath of the feedwater and steam 

through the various essential (‘humuits m a condensing plant eipiiiiped with a full com- 
plement of “hi^at-saving” .appliances. * i 

5 . Make a skeleton outline of a modern tiirbo-altcTiialor iilant, correctly locating 
and desigtiatiug by name all the essential elements entering into its composition. 



CHAPTER II 
FUELS 

7* General. — Th(‘ cost of fuel is by far tlic sinsl(‘. item of 

expense in the ijroduction of steam pow(M-, and rani^es from 40 per cent 
to 70 per cent of th(^ total operating expens(\ Knrtlu'rmore, all fuels are 
slowly but surely increa.sin|]; in pric(', jmd larfz:('r investments for fuel- and 
labor-savinji; eejuipment are jiistitica!. In localities wli(n'(^ a specific fuel 
is pbmtiful, the jiroblcair I'fvsolvi^s itself merely into a study of the best 
methods of buriiinp: this find; but in situations where various kinds of 
fuel am availabk^, th(‘ s(d(H‘tion of the. one bc'st siiibal for a given or pro- 
pos(‘d ('(juipmeiit in(*lud(‘s a car(‘ful consideration of such items as com- 
position of th(‘ fuel, siz(^, (‘osf- per unit, h(‘ating valiu', r(‘fus(^ incident to 
combustion, initial waste ])ro(lu(‘ls, such as ash and moisture, storage 
requinanents, and transixnlation facilitic'S. 

Where a choice exists, tliat fiud is s(*l(‘ct(‘(l whic.h dev(dops the required 
power at the lowt'st. cost, taking into considra-ation all of the circum- 
stances that may aff(‘ct its use. Occasionally the disposition of waste 
products is a factor in the (thoice, but. su(;h instancies are uncommorh 
The boilers and fuiTUKiCs are desigmal io suit th(‘ find selected. 

American Fuck, Bacon and Hainor, Mc-Ciraw Hill Puf). C\). 

8. Classlflration of Fuels. ~ Tho fiusls most commonly used for steam 
generation may he divided into thr(!(i classes, as follows: 

1. Solid fuels. 

a. Natural; coal, lignite, wood, and peat. 

h. Prepared: coke, chaicoal, ])itch, and briquetted fuels. 

2. Liquid fuels. 

a. Natural:, crude oils. 

b. Prepared : distilled oils, residuum, gas-works tar, gas oil. 

3. Gaseous fuels. 

a. Natural; natural gas. 

b. Prepared: blast-furnace gas, coke-oveii gas, coal gas, water 

gas, producer gas, oil gas. 

The majority of prepared fuels are by-products of manufacturing 
processes. 


2 .> 
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SOLID FUELS 

9. General. — Solid fuels are of vegetable origin and exist in a variety 
of forms, ranging from a comparatively recent cellulose growth to graph- 
itic anthracite coal, which is nearly pure' carbon. They owe their forms 
to the conditions under whi(^h they were created or to the geological 
chang(\s which th(^y hav(i undergone. With each succeeding stag(', the 
percentage of carbon increases and the', oxygen (ioiitent decreases. The 
chemical changes are approximately jis givcm in Table 1. 

Ongin of Coal: ('om bastion, Nov., 1022, p. 284. 

10. Composition of Solid Fuels. All solid fuels, when separated itito 
their ultimabi chemical constituents, are compos('d principally of varying 
proportions of carbon, hydrogem, ofvgen, sulphur, and refractory earths. 
Carbon and hydrogeii arc the only dc'sirable elements from a combus- 
tion standpoint, and the otlaus may b(‘ considered impuriti(\s. The 
various combinations into wlinfi the carbon, hydrogen and oxygen arc 
united are ('xtremely complex atid greatly infiuen(‘e th(' physical charac- 
teristics of the fuel. Not all of the (‘<arbon and hydrogen is available for 
combustion, since part of IIk' carbon may be pr(\s(‘]it as a carbonate and 
part of the hydrog(m as wat(‘r. Th(^ real test- of any fuel is its performance 
under service conditions; but a knowledge of the jdiysical and chemical 
characteristics, as determined in the laboratory, is of gi*eat importance 
in selecting the ('quipimuit Ix'st suited for tli(' combustion of that particular 
fuel. Th(^ analys(is juost (commonly used in this (‘onnection are known 
as proximate and ultiumte.’' 

Proximate Analysis. This analysis enables th(' engineer to predict, to 
a certain exbmt-, the Ixfiavior of the fuel in th(‘. furnace, by giving the 
percentages of moisture, asli.^ fixed carbon and volatiles matter. The 
sulphur content and the calorific value of the fuel are usually included in 
the commercial proximate analysis. 


TABLE 1 

PROGRESSIVE CHANGE FROM PURE CELLULOSE TO GRAPHITIC ANTHRACITE 
(Moisture, Ash anri Sulphur Free) 


Subslanco 

C;iil)on 

( )xyKOu 

llydropeii 

Nitrogen 

Pure cellulose ... 

44-0 

i 

49 4 

0.1 

1.3 

Wood. ... 

50 0 

43.0 

5.7 

Peat 

00 0 

32 5 

5 5 

2.0 

Lignite . 

GO 5 

20 5 

5 5 

1.5 

Sub-biturninous coal. 

75.0 

18 0 

5 5 

1.5 

Bituminous coal 

82.0 

11.0 

5 4 

1.6 

Semi-bituininous coal . . • 

80.5 

7.0 

5.0 

1.5 

Semi-anthracite coal 

91 0 

4.0 

3.5 

1 .5 

Anthracite.. 

93.2 

3 0 

2 5 

1.3 

Graphitic anthracite 

97 3 

2 1 

0.5 

0.1 
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There is no definite demarcation between the analyses of the various 
fuels as indicat(‘d in this table, since considerable overlapping exists, 
but the progressive change is substantially as shown. 

Moisture, as obtained from this analysis, is purely an arbitrary quan- 
tity, based upon the loss in weight of a sani])Ie when maintained for ap- 
proximately OIK' hour at a tenqK'rature of 220 d('g. fahr. The material 
driven off in this manner is not all water, sinc(' sonu' of tlu^ volatile com- 
bustible may distill off; fiiithermore, all of the water may not be evapo- 
rated by this treatment. Neverth(d(\ss, the treatinent ac(‘omplishes its 
purpose, which is to biing t he malxTial to a condition which can be dupli- 
cated closely and r('pr(\sents a fixed basis for comparison. Moisture not 
only increases th(' (M)st of transj)ortiug and handling the fuel but is also 
a disadvantage' in the' furnac'c', absorbing heat which might otherwise be 
available for generating ' steam. Solid fuel free from “moisture’^ is 
known as dry fuel.^ 

The material which remains after th(' fuel has been comph^tcly burned 
is classified as ash. Th(‘ term “ ash,” as commonly used in steam boiler 
practice, differs from ash as detc'rmined in the laboratory in that it con- 
tains some coml)ustibl('. A better term for the former is refuse. It is 
derived from th(' inorganic matter in th(^ fuel, such as sand, clay, shale, 
“ slate,’’ and iron pyrites, and is composed largely of compounds of silica, 
alumina, iron, and lime, together with small (quantities of magnesia. A 
large percentagfi of ash is undc'sirabh', since it- rc'dinn'S the lu'at value of 
the fuel, increase's th(‘ c^ost of transportation and handling, ne(;essitat('s 
disposal of r(‘fus(', a,n(l oftem produces troubkisome clinker. Solid fu(d, 
free from moistun*. and ash, is commonly (k'signatc'd as combustible, 
though the nitrog(ni and oxygen incliuk'd arc' not combustible. Low- 
grade fuels are coiisiderc^d as such chiefly b('caus(^ of their large moisture 
and ash content. 

That portion of the carbon, combined with hydrogen, and other gaseous 
compounds, whic'h is driv('n off the dry fuel by th(^ applic.ation of heat, 
constitutes the volatile combustible matter, or sinipb^ volatile matter. 
The term ^'volatile combustible” is a misnomei-, siiK^e a considerable 

1 “Moisture,’' as determined from the proximate analysis, must not be confused 
with “air-drying loss." The primary purpose of air-drying is to reduce the moisture 
content to such a condition that there will not he rapid changes in the weight of the 
sample during the course of analysis; it simply shows the amount of moisture removed 
in order to bring the sample to a condition of equilibrium with respect to the moisture 
in the air of the room. “Air-drying loss” is the amount, of moisture driven oflF when 
the sample, as received, is subjected to a temperature of 80 to 95 deg. fahr. The dry- 
ing process Ls continued until the loss in weight between two successive weighings, made 
SIX to twelve hours apart, does not exceed 0.2 per cent. See “Analysis of Coal in the 
United States,” Bulletin 22, 1913, Bureau of Mines. 
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fraction of tho distilh'd gases consists of water vapor, carbon dioxide, 
nitrogen, and other incirt, non-combustibh* diluents. The importance of 
the “ volatile matter ” to th(‘ engineer is obvious, since a high percentage 
indicates that special care must be obsc'rved in effecting smokeless com- 
bustion. 

The uncombined carbon, or that portion which remains after the vola- 
tile matter has b('en driven off, is known as fixed carbon. Fixc'd carbon, 
however, is not pure* carbon, since t.h(' carbonized residue' contains, in 
addition to the ash-forming const it ii(*nts, small amounts of hydrogen, 
oxygen, and nitrogen, and approximatc'ly half the original sulphur ^;on- 
tent. Fixed carbon ” is a measiin' of the relative coking properties of 
coals, though in the commercial menufacture' of coke or gas the yic'ld of 
coke is several i)er cent high(‘r than that obtained in the laboratory. 
In the proximate analysis of fu(‘l, the sulphur Vs in(‘luded in the volatile 
matter, fixed carbon and ash. Sulphur occurs in coal as i:)yrites, sulphates 
of iron, lime, and aluminum, and in coiiibination with the coal substance 
as organic compounds. Although classed as an impurity, sulphur has a 
heating value, wh('n in the form of iron pyiitc's, of almost one-half thjit 
of the carbon it rt'places. h'or sb'aming purposes, sulidiur is objc'ction- 
able only when its pn'scmcH' produces a badly clinkering ash, or brings 
about corrosion by th(' formation of acid with moisture, as in connection 
with economizer installations. 

Ultimate Analysis. In the ultimate analysis, the composition of 
the fuel is expresscnl in t-eitns of its elementary constituents of carbon, 
hydrogen, oxygen, nitrogen and sulphur, and ash. The ultimate analysis, 
while little used in ordinary practice, is of value in (U'termining the more 
important heat loss(*s incid('iit to combustion, but an accurate analysis 
requires considerable time for its consummation and necessitates the 
services of a competent chemist. For that matter, an accurate' proxi- 
mate analysis requires even more skill than the ultimate analysis, since 
in the latter the determination of hydrogen, carbon, and nitrogen is not 
subject to the arbitrary conditions that must be maintained in the proxi- 
mate analysis. But as ordinarily made the latter requires little apparatus 
and is within the skill of the average engineer. 

Both the ultimate and proximate analyses may be expressed in terms of 

(1) '' Fuel as received,'' or fuel as fired 

(2) “ Fuel, moisture free/' or dry fuel 

(3) Fuel, moisture and ash free,” or combustible 

(4) Fuel, moisture, ash, and sulphur free.” 

A.S.M.E. Test Code for Solid Fads: Meob. Engrg , Sc'p. 1924, p "j.jS 

Standard Methods of Laboratory Sampling and Analysts of Coal: Proc. Am. Soc. 
Testing Materials, 1921, p. 700. 

Sampling Coal: U. S. Bureau of Mines, Tech. Paper 1, 1911; 133, 1917; 76, 1911. 
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In the various fuel publications issued by the Bureau of Mines and the 
U. S. Geological Survey, th(‘ quoted tcrius are us(‘d almost exclusively, 
whereas in the Boiler Gode advocated by the Am(‘ric.au Society of Mechan- 
ical Engineers and in most eiigineeidng literature', the^ terms in bold type 
arc given prciference. Eiiginc'ci s prefer to have the l esults based on fuel as 
fired, since this represents the condition of the fuel as fed to the furnace. 
For convenience in comparing analyses, the results are usually based on 
dry and combustible'; but occ'asionally, as wdll be shown labir, the fuel, 
moistuie, ash, and sulphur fr('(' ” basis is of service. Analyses arc readily 
converted from one basis to another, as will be sec'ii from the following 
example. 

j 

Example 1. — Given (he pioximate and ultimate analyses of a sample 
of bituminous (!oal “ as r(*ceiv('d.” Transfer th('S(' analyses to the mois- 
ture free ’’ and “ moistuic' and ash fn'e ” basis. Also transfer the ulti- 
mate analysis as received to the moisture, ash and sulphur free ” basis. 

Solution. — 


roil THE I'llOXlMATE ANALYSIS; 



Ooal as Ho 
(‘<M\0(1, Ol Ooill 
.'IS Firod 

C’oiil, Minslure 
Fioe, or I )r>, 
Coal 

MoiMture and 
AhIi Free, or 
C^aiihuslible 

A. 

B. 

(■ 

Fixed carbon 

50 10 

54 42 

01 40 

Volatile matter 

:n 14 

84 OS 

8S 51 

Ash . . 

10 01 

11 50 


Moisture . . 

7 70 ^ 




JoT)' 00 

100 IH) 

100 (X) 


(bhimn A = laboratory analysis. 

('olumn B = column A (I — jirojicntional weight of moisture) 

= column A 0.9224. 

Column C = (‘-olumn A [1 — (proportional weight of moisture + 
ash)] 

= column A 0.8103. 

FOR THE ULTIMATE ANALYSIS: 



Coul as Ueooived 

Coal. 

Moisture 

Free 

Coal, 
Moisturo 
and Ash 
Froo 

C’oal, 

Moiaturo, 

A all and 
Sulpliur Free 

.1. 

A, 

H. 

C\ 

n 

Carbon 

Hydrogen ... 

Nitrogen. . 

Oxygen 

Sulphur 

Ash 

Free moisture 

00 55 
5.14 

1 82 

14 41 

1 07 

10 01 

00.55 

4 2H 

1 82 

7 51 

1 97 

10 01 
*7 70 

72 15 

4 04 

1 48 

5 14 

2 14 
11.50 

SI 52 

5 24 
1.02 

0 21 

2 41 

83 54 
5.87 
1.60 
9.43 

“TocTtxP 

100 00 

100.00 

j“(K).00 

100 00 


• From the proxiniate aualyaia 
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In the ultimate analysis of the coal as received (Column A), the free 
moisture or “ moisture ” is included in the hydrogen and oxygen. Since 
the water is composed of one part hydrogc'ii and eight parts oxygen, one- 
ninth of the moisture should he subtracted from the hydrogen and eight- 
ninths from the oxygen, in order to include free moisture as a separate 
item, thus: 

(Column A = laboratory analysis. 

Hydrogen (column Ai) = hydrogen (column A) — J X per cent mois- 
ture i 

= 5.14 - 1 X 7.7() 

= 4.28. \ 

OxygGR (column Ai) = oxygen (column A) — IJ X per cent moisture 

= 14'.41^- 8 X 7.70 
- 7.51. 

Column B = (joliimn Ai (1 — jnoj)()ri.ional weight of moistur(‘) 

= column Ai 0.0224. 

Column C = column Ai [1 — j)roportional weight of (moisture + 

ash)J 

= column Ai 0.8103. 

Column D = column Ai [1 — jn-oportional weight of (moisture + 

ash + sulphur)! 

= column Ai 0.7900. 

The term free hydrogen, or available hydrogen, is btised on the as- 
sumption that all of the oxygen in the coal is combined with hydrogen 
in the proper ratio to form wat(‘r, or 

Free hydrogen = Total hydrogen — oxygen /8 = H — 0/8. 

All of the oxygen + 0/8 is the weight of th(‘ combined moisture, and 
the sum of the free moisture (moisture as determiiK'd from th(' proximate 
analysis) and combined moisture is designated as the total moisture. 

Example 2. — Determine the free hydrogen, combined moisture, and 
total moisture for coal as fired, the analysis of which is given in Example 1. 

Solution. — 

Free hydrogen = H — 0/8 = 4.28 — 7.51/8 
= 3.34. 

Combined moisture = O + 0/8 = 7.51 + 7.51/8 
= 8.45. 

Total moisture = M + (O + 0/8) = 7.76 + 8.45 
= 16.21. 

For most engineering purposes, extreme accuracy is not necessary in 
determining the ultimate analysis, since the average commercial beat 
balance is in itself only approximate at the best. Consequently, re- 
course may be had to empirical formulas for approximating the weight of 
the chemical constituents from the proximate analysis, thus:^ 

^ “Experimental Engineering,'* Carpenter and Diederichs. John Wiley & Sons, 
Inc., 1911, p. 507. 
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For hydrogen, H = - 0.01 (1) 

in which 

H = tho per cent of hydrogen in the conil)iistil)l(‘, 

V = the per cent of volatiU^ matter in comhustible. 

For nitrogen, 

N = 0.07 V for anthracite aiul scani-anthracitc^ 

= 2.10 — 0.012 V for hitiiminoiis and lignite. 

For total carlion (fixed carlioii + volatile carbon), 

C = F + 0.02 V2 for anthracite 

= F + 0.0 (V — 10) for seini-anfhracite 

= F + 0.9 (V — 14) for bituminous coals 

= F + 0.9 (V — 18) for lignites 

in which 

= per cent of total (carbon in the combuslible, 

F = per cent of fixed carbon as d(‘termined from the proximate analysis, 

V = as abov(\ 

Sulphur in the vx)ii\ iiicrc'ases th(‘ value of V; henc.e th(‘ calculated 
value of C' is too high by practically the sulphur content of the combustible. 

Example 3. — ('alculate the ultimate analysis from the proximate 
analysis of the coal givcm in Exampb* 1 . 

Solution. — Substitute^ the various numerical valuevs in expiations (1) 
to (3) and solve, thus: 

H = 38.51 ~ 0.013^ == 5.33 i)(‘r cent. (Analysis gives 

H = 5.24). 

N = 2.10 - 0.012 X 38.51 

= 1 .04 pe^r cent. (Analy.sis give\s N = 1.02). 

C = 01.49 + 0.9 (38.51 -‘l4) 

= 83.55 pen- e;cnt. (Analysis gives C = 81.52). 

The ultimate analysis of the coal as received, neglecting the sulphur, 
is: 



C-'alculated A'mMibs, 
Pei e^oiil 

Actual Valuea, 

J^or Cent 

H = 5.33 1 


[ 4 

4 28 

N = 1.64 

X 0.81G3 

e 1 33 

1 32 

C = 83.55 


1 ()S 20 

68 52* 

Ash (by analy.sis) 

10 01 

10,61 

Moisture (by analysis) . 

7 76 

7 76 

0 (by difference) 

7 75 

7.51 



100.00 

100.00 


• Carbon + Sulphur 66.55 + 1.97 = 68.52. 


( 2 ) 

(3) 
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It will bo 80(^11 that the aKroomont is fairly close, with the exception of 
the figure for total carbon. As pr(‘,viously stated, this is largely due to 
the fact that the sulphur content is jiractic'-ally all added to the total 
carbon. If the sulphur content of the coal is known, as in this case (2.41 
per cent), corr(*ction can Ik'- made so that the final computed value for the 
total carbon is 83.55 — 2.41 = 81.14 [mt cent per lb. of combustible. 

This method of calculating the ultimate from the proximate analysis 
gives fairly accurate results for most coals, but with some grades of bi- 
tuminous coals the results for H and ( < may be in error as much as 5 per 
cent for each constitiu^nt. 

As the average plant is not equip[)ed with the iK'cessary apparatus for 
making the proximate analysis, to^say nothing of the ultimate analysis, 
the preceding calculations are of little value' to the engineer in charge. 
The proximate analysis is t^o cumbersome, eve>' foi* the' large' plant, when 
a number of heat balaneu's are' re'quire'el in a short time*, as when new 
fuels arc being trieel out. In such case's, the folle)wing method e'uables 
the engineer to approximate the ultimate' analysis with sufficient ac- 
curacy for most practical i)urpos(^s, provieled the source of coal supply 
is known } 

Bulletins Nos. 22, 85 and 123, issued by the Bureiaii of Mine's, contain 
a large number of ultimate analyses of coals fi’om all i)arts of the country. 
A study of the data will show that coals from any (jiven bed have practically 
the same analysis lohcn expressed on a free fro)n moisture^ ash and suU 
phur ” basis; hence it is principally a qucstie)n of ele^te'r mining the amount 
of free moisture and ash in the sample' (a eronqiaratively simple test) 
and in assuming the sulphur cemtent. Since the i)e'rcemtage of sulphur 
is not uniform, semie erre)r may be intre)duced in making this assumption, 
but it is negligible as far as the average (commercial lie'at balance is con- 
cerned. This me'thod of obtaining the ultimatec analysis is best illus- 
trated by an example. 

Example 4. — Assume that a sample' of Illinois coal (analysis as per 
Example 1) is available, anel that only the ash aiiel mensture determina- 
tions have been made. Approximate thee ultimate analysis from the 
average moisture, ash, and sulphur five analysis of Illinois coals. 

Solution. — The average' of a number of Illinois^ coals," as recorded in , 
the Government bulletins referred to, is: 


Combined 

Moisture 

Free Hydrogen 

Carbon 

Nitrogen 

11.94 

4.14 

82 4 

1.52 


^ P. W. Evans, Armour Engineer, May, 1915, p. 301. 
* Moisture, ash, and sulphur free. 
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Assuming the per ci'ut of sulphur in the coal under consideration to be 
the average of Illinois coals as recorded in the Clovcrninent bulletins 
(S = 2.84 per cent), the total free nioistun', ash, and sulphur would be 
7.76 + 10.61 + 2.84 = 21,2 per cent; and the “ free from moisture, 
ash, and sulphur” content, 100 — 21.2 = 78.8 per cent. The ultimate 
analysis of the coal as received may then be calculated as follows: 



CiiU'iiliiloil \ nliios, 
I’ei ('(Mil 

Actui\l ValuoH 

Poi Cent 

Combined moist lire, 11.91 X 0.7SS 

0 40 

S 45 

Free moisture (bv lest) ... 

7 70 

7.70 

Free hydrogen, 4.14 X 0 7SS 

3 2(i 

:i 3 4 

Total carbon, 82. 4 X 0 7SS 

04 OS 

00 55 

Nitrogen, 1.52 X 0.7SS. . 

1 10 

1 32 

Ash (by test) . _ . . 

10 01 

10 01 

Sulfihur.. 

*2 SO 

1.07 

i 

100 ()() 

100 00 




The agreement betweam calculated and actual values for most Illinois 
coals is mu(;h closer than in this t)articular (example. The splendid work 
of the U. S. Bureau of ]VTin(\s has ])la(;(Hl at the (Us])()sal of the public 
complete analyses c>f ihc coals of all the coal fields in the (‘ountry, and 
the error iTi assuming th(* average values of an (U)tire state, as in the pre- 
ceding example, may be greatly reduced by taking the average values 
for the particular field in which the coal undc'r consideration is mined. 

11. Coal. — ('Oal is th(‘ iriost important of all fuels and furnishes the 
greaten' part of the world’s heal, and power enei gy. According to the latest 
estimates, the coal reserve's of the woild, by continents, are as follows: 

riillioiiH of Ttins (2000 lb.) 


America ... .5,028 

A.sia . . . .. 1,410 

Europe 804 

Oceania. . . . 188 

Africa. . . .01 


Of the amount contaiiK'd in the Americas, th(' United States claims 
4,205 billion tons, or 51 per cent of th(* total coal of the world. The* pres- 
ent (1924) rat(' of produetion in th(' Ibiitc'd States is approximately 700 
million tons per annum and the distril)ut.ion is roughly as follows: 


J’or Cent Per Cent 

Industrial steam trade .‘13 l^Jxports .... 4 


Railroad fuel ... .28 Steainshi]) bunkers at tidewater . 2 

Domestic and small trade . . 10 Used at mine for steam and heat . 2 

Manufacture of <!oke 9 Manufacturer of coal gas 1 

Manufacture of by-product cokes 4 
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The i^reatest repository of coal in the United Slates is west of the Mis- 
sissippi IZivor, blit almost 80 per cent of the present production is from the 
States east of this river. Some idea of the extent and character of these 
fields may be gaiiKid from an insjx'ction of the (diart in Fip;. 8. 



Coals and allied substances have lieen variously (dassified, according to 

1. Oxygen-hydrogen ratio, or (Iruner’s classification. 

2. Pdxed carbon and volatile combustible niatt(‘r. 

3. P\iel ratio, or the ratio of the fixed carbon to the volatile combustible 
matter. 

4. Calorific i)ower. 

5. Fixed caibon. 

0. Total carbon, 

7. Hydrogen. 

8. Carbon-hydrogen ratio, or th(' ratio of the total carbon to the 
hydrogen. 

All of these classifications are more or l(\ss unsatisfactory because of the 
overlapping of tlu^ various groups. 

According to the investigations of Prof. S. W. Parr, the ratio of heat 
value to the percentage of volatile matt(‘r of pure coal (moisture, ash, 
and sulphur free) is a more reliable means of classifying coals and allied 
substances than any of those previously mentioniHl. 

In its various bulletins the U. S. Bureau of Mines uses the following 
classification for the ranks of coal. 
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Anthracite Bituminous 

Semi-anthracite Su\)-b\tnm\i\ons 

Semi-biturninous Li| 3 ;nite 

The word rank '' in this connection is used to designate " those 
differences in coal that are due to the progressive change from lignite to 
anthracite, a change maikecl l)y the loss of moisture, of oxygen, and of 
volatile matter.’' This change is generally accompanied by an increase 
of fixed carbon, of sulphur, and pro})ably of ash. When, however, one 
coal is lHstinguish(^d fjoni another l)y th(^ amount of ash or sulj)hur it 
contains, this difference is said to be of grade. Thus, a " high-grade 
coal " means merc^ly on(‘ that is relatively pure, whei’eas a ‘‘ high-rank 
coal" means one that is high in th(‘ scale of coals, or in othcir words, one 
that has suffered devolatilization and that now contains a smaller per- 
centage of volatile matt.(‘r, oxygen, and moisture than it contained be- 
fore the change occurred. M. R. Campbell (Prof. Paper 100-A. U. S. 
Geological Survey, 1917) gives the following analyses as representative 
of the different ranks of coal, computed on nine samples as received, on 
the ash-fi'ce basis. 



Fixod 

Vohiulc 

Matter 

MoiHturc 

Heat 

Value 

B t u. per lb. 

Tcm ( - 011 1 1)> Weight 

Lignite . 

37 s 

IS 8 

43 4 

7,400 

Sub-biturninous. 

42 ] 

34 2 

23 4 

9,720 

Bituminous 





Low nink 

47 0 

41 4 

11 0 

12,880 

Medium rank 

54 2 

40 8 

5 0 

13,880 

High rank 

04 () 

32 2 

3 2 

15,160 

Semi-bituminous 





Low rank . , . 

75 0 

22 0 

3 0 

15,480 

High rank . 

S3 4 

11 0 

5.0 

15,360 

Scini-anthracite 

S.3 S 

10.2 

0 0 

14,880 

Anthraciln 

95 5 

1,2 

3 2 

14,440 


The U. 8. (Geological survey used th(* following names for designating 
the areas underlain by C()al-b(;aring rocks. 

Coal district is the tc'rm apjdic^d only to small coal areas in which mines 
arc developed continuously on a given bed or beds and the coal is generally 
known by some distinguishing feature, such as a trade name, or by some 
physical characteristic upon which it is advertised or sold. Districts are 
generally named from the leading town in the county or from the town 
at which mining first achieved distinction in producing this particular 
kind of coal. Examples of districts are the Red Lodge district of Mon- 
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tana, the Gallup district of New Mexico, and the Winfield district of 
West Virginia, 

The term coal field is applied to an area generally larger than a dis- 
trict but still well-defined and compact. Small areas or basins that arc 
separated from th(^ main coal are called fields, especially if this coal is of 
fairly uniform composition and valium Examples of coal fields are the 
Pocahontas fiedd of Virginia and West Virginia, the New River field of 
West Virginia, and the Wiudlxu* field of Pcumsylvania. 

Coal fields arc group(*-d into largei- divisions (tailed regions. Such 
grouping is generally designed to Ining tog(‘ther (;oal fi(dds that hive 
some feature or features in common, thus enabling them to be considered 
as a whole or separately as th(i problem may demand. Good examples 
are the anthraciite region of Pennsylvania, th(' western coal region in 
Iowa, and numerous deep basins of the Rocky Mountain States. 

As fields are grouped into regions, so regions are grouped into much 
larger divisions, called provinces. These are the ICastern ))rovince. In- 
terior province, Gulf province^. Northern Great Plains province, Rocky 
Mountain province, and Pacific (\)ast province. 

For a detailed dc'seription of the various districts, fields, regions, and 
provinces in the United States, consult ‘‘ Tlu' Coal Fields of the United 
States,” by M. R. Campbell, U. S. Geologic^al Survey, Prof. Paper 100-A, 
1917. 

Anahjsis of Coals in the United States: IT. S. Biireuu of Minos, liulletins, No. 193, 
1922; No. 123, 1918; No, 85, 1914; No. 22, 1913; Technical Paper 79, 1914. 

12. Anthracite. — Anthracite, conunonly known as hard coal, consists 
ahnost entirely of fixed carbon and is th(‘, hardest of all the coals. 
Specific gravity 1.4 to 1.0; fuel ratio not more than 50 or 00 and not less 
than 10. It has a deep black color, a vshiny, semi-metallic luster, has few 
points and clefts, and burns without softening or swelling. It ignites 
slowly and burns at a high temperatun' with little flame or smoke. As 
nearly all anthracite, with some unimportant exceptions, comes from 
three small fields in p]astern Pennsylvania, the supply is comparatively 
limited (estimated at less than 5 per cent of the total unmined reserve 
coal in the United State's). Anthracite, as marketed, is always sized ” 
or screened, but there is no accepted standard of sizes, each coal district 
having certain size's anel names jie'culiar to itse'lf anel te) the trade it sup- 
plies. Table 4 gives one of the' standard divisions of mesh and the trade 
names under which it is classed anel marke'te'd. The^ price of the finer 
sizes is much less than that of the coarser, ])artly be'cause of the premium 
placed on the larger sizes by the demand for dennestic heating. Even in 
the immeeliate vicinity of the mines, sizes over “ pea coal ” are usually 
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prohibitive in price for steam power plant use. The smaller sizes arc 
quite (‘ommonly used in city i)lants where smoke ordinances arc ripidly 
enforced, and when the piice compares favorably with other available 
grades. Culm, or the refuse from screening, and bone coal (that part of 
the material encountc'red in mining which contains a large perc^entage of 
coal but not of marketable grade) were fornic‘rly rc^jectc'd to waste on 
account of their high ash contemt and low heating valiu^; l)ut with the 
increasing cost of coal and the improvement of furnace design, nearly all 
of this n'fuse is being made available for power plant us('. The proximate 
and ultimate analyses of a mimlx'r of anthracites are given in Table 2. 
It is belicvc'd by many that aTitliracite has greater hi'at value than any of 
the other ranks, but this is not true, as will be seen by a comparison of the 
analyses in Table 2. 

Use of River Coal at Ballunorc. C -oiiil ustion, Nov., 1923, p. 8S8. 

13. Sonil-anthracite. — Semi-anthracite kindles more readily and burns 
more rapidly than anthracite^. It requirc's little attemtion, burns freely 
with a short flame', and yields grc'at heat with little clinker and ash. It 
is apt to split on burning and waste's somewdiat in falling through the grate. 
It swells considerably but doc's not cake. Semi-anthracite has less den- 
sity, hardness, and mc'tallic- luster than anthracite and can gcuierally be 
distinguished from jiiire anthracite by its tcmdcuu'y to soil the hands. 
Semi-aiithracitci is not of great importance' in the steam power plant 
field on account of tlic^ limitc'd supply and high cost. It is mined chiefly 
in a few small areas in IVnn.sylvania, Arkansas, and Virginia. Some 
excellent deposits have also been found in Alaska. Specific gravity 1.3 
to 1.4; fuel ratio 0 to 10. See Table 2 for analyses of a few typical 
specimens. 

14. Seml-bituminous. — Semi-bituminous is similar in appearance to 
semi-anthracite, but it is softer and (contains more volatile matter (15 to 
22 per cent). It has a high heating value, low moisture, ash, and sulphur 
content, burns freely without pioducing objc'.ctionable smoke and ranks 
among the best steaming coals in the world. The volatile matter in semi- 
bituminous coals is of remarkably uniform composition and approaches 
methane (CH4) in its analysis. While semi-bituminous coal is found in 
several states, the chief supply comes from th(^ Pocahontas and New 
River fields of Virginia and West Virginia, the Georges field of Maryland, 
the Windber field of Pennsylvania, and the western end of the Arkansas 
field. The supply of semi-l)ituminous coal is comparatively limited, 
and it probably will be the first to be exhausted because it has a greater 
efficiency and is adapted to more diverse uses than anthracite. Practi- 
cally all semi-bituminous coals arci of the caking variety, and some of 
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1 ABLE 2 

ANALYSES OF REPRESENTATIVE ('OALS OF THE T’NITED STATES 

(Compiled from Bureau of Mines BulleUnti) 

Hun of Mint* — \s Htifeivoil 



I'roxiinatc v\.nal> 

’SIS 

VlLiiiiiitc Aiiul.\sis 

Heating Value 
H.t u per lb. 

State 

County, Fielfl, 
District, or Trade 
Name 

Moisture 

Volatile 

Matter 

Fi\ed 

Carbon 

< 

a 

-G 

O. 

3 

■yj 

Hydrogen 

c 

X 

ti 

-3 

o 

Nitrogen 

fc/' 

O 

Received 

Moisture 

and 

Ash Free 


A^Uliracile 


Alaska 

Bering llivor 

I' 

3 65 

9 20 

84 58 

2 

57 

0 60 

3 

20 

1 86 49 

1 11 

G 03 

14,182 

15,124 

Col. 

Crested Butte 

1’ 

2 70 

3 32 

88 15 

5 

83 

0 80 

3 


85 

38 

1 12 

3 59 

14,099 

15.413 

N. M. . . 

Corillo.H 

F 

5 70 

2 18 

86 13 

5 

99 

0 69 

2 

38 

82 

87 

1 26 

0 81 

13,208 

1.5.025 

Pa. 

Luc.kiiwanna 

C 

3 43 

0 79 

78 25 

II 

53 

0 46 

2 

52 

7S 

85 

0 77 

5 87 

12,782 

15,030 

Pa. . .. 

Luzerne 

C 

1 31 

5 08 

85 87 

7 

14 

0 42 

2 

35 

86 

76 

0 68 

2 65 

13,777 

15,048 

Wash. 

Whatcom 

C 

4 36 

7 45 

75 96 

12 

23 

0 96 

3 

97 

77 

75 

0 98 

5 11 

12,593 

15,098 


Semi-aiithrucifo 


Alaska. 

Bering River 

F 

1 18 

10 02 

84 .50 

4 30 

1 59 

3 23 

86 37 

1 

40 

3 05 

14,344 

Ark. . 

Pope 

C 

2 79 

11 90 

75 24 

10.07 

2 17 

3 60 

78 28 

1 

00 

4 13 

13,356 

Pa. . . 

Bernice 

D 

3 16 

8 59 

78 08 

10 17 

0 67 

3 47 

79 49 

1 

10 

5 10 

13,370 

Va 

Montgomery 

C 

1 67 

9 36 

66 65 

22 32 

0 71 

3 19 1 

69 24 

0 

81 

3 73 

11,570 


kSeini-biliiiuinou.'j 


Ala. 

Lookout Mt. 

F 

3 38 

18 67 

63 

41 

14 54 

1 22 

4 29 

72 86 

1 27 

5 82 

12,701 

Alaska 

Bering River 

F 

3 63 

15 37 

73 

95 

7 05 

1 IK 

3 84 

77 85 

1 04 

8 44 

13,116 

Ark. 

IjOgan 

C 

2 77 

1^4 69 

73 

47 

9 07 

2 79 

4 02 

78 71 

1 46 

3 95 

13,774 

Col. 

Coal Basin 

F 

3 07 

22 67 

(.5 

10 

9 16 

0 63 

4 96 

7S 81 

1 09 

4 75 

13,990 

Ga.. 

Muiin 

I) 

3 80 

15 88 

1 65 

S3 

14 49 

I 27 

1 32 

70 59 

1 09 

8 24 

12,791 

Md. . 

Georges Cr, 

I’ 

3 40 

15 00 

<:> 

10 

6 50 

1 01 

4 63 

80 09 

1 5.) 

5 00 

14,100 

Okla.. , 

Le Flore 

C 

2 63 

16 48 

72 

22 

8 67 

1 00 

4 25 

80 00 

J 72 

4 30 

13,799 

Pa. 

Windber 

1-’ 

2 54 

19 85 

71 

22 

6 39 

2 12 

4 70 

81 17 

1 33 

4 20 

14,315 

Pa. 

Broad Top 

!•' 

2 14 

15 47 

75 

96 

6 43 

I 05 

4 44 

82 83 

1 27 

3 98 

14,470 

Va. . 

Pocahontas 

1’ 

1 03 

17 17 

75 

34 

5 86 

0 75 

4 58 

83 14 

1 02 

4 05 

14,672 

W. Va. 

New River 

F 

3 34 

21 25 

73 

18 

2 23 

0 56 

5 13 

84 19 

1 5.5 

6 34 

14,821 

W. Va. 

Pocahontas 

F 

3 01 

17 41 

74 

84 

4 14 

0 76 

4 57 

83 08 

1 12 

5 73 

11,587 


Ilituiinnous — Cannel 


Ky. 

Eastern 

F 

1 70 

50 70 

38 23 

9 31 

1 02 

6 83 

7.3 25 

1 31 

8 28 

14,251 

W. Vtt. . 

Kanawha 

F 

1 SO 

44 90 

49 so 

3 44 

0 87 

6 96 

80 57 

1 51 

6 65 

15,330 

Utah . 

Kune 

C 

7 35 

46 93 

22 48 

23 24 

1 61 

6 18 

51 88 

1 OO 

16 03 

10.355 


Bituminous 


Ala. 

Cahaba 

F 

2 85 

36 80 

53 77 

6 58 

0 49 

5 

14 

75 82 

1 10 

10 89 

13,390 

Ala.. . . 

Warrior 

F 

1 66 

30 4.3 

63 29 

4 62 

1 40 

5 

13 

81 53 

1 55 

5 77 

14.605 

Alaska 

Chignik Ba3'’ 

D 

7 06 

31 48 

39 68 

21 78 

1 30 

4 

83 

.55 14 

0 61 

16 .34 

9,846 

Alaska . 

Matanuska 

F 

2 18 

.10 60 

58 06 

9 16 

0 70 

4 

83 

71 43 

1 50 

12 .38 

13,145 

Calif . 

Stone Canyon 

D 

6 95 

46 69 

40 13 

6 23 

4 17 

6 28 

66 01 

1 17 

16 14 

12,447 

Col 

Canyon City 

F 

11 19 

36 77 

45 75 

6 29 

0 92 

5 

44 

62 50 

0 96 

23 89 

11,286 

Col. . . 

Trinidad 

F 

2 33 

25 82 

54 .58 

17 27 

0 52 

4 

62 

69 14 

1 07 

7 38 

12,337 

Col. 

Durango 

F 

4 84 

31 56 

42 30 

IS 30 

7 56 

4 

85 

59 90 

1 11 

8 28 

11,065 


F Field C County D District 


15,475 

15,36» 

15,024 

15,939 

15,6.5;i 

15,710 

15,550 

15,719 

15,827 

15,860 

15,096 

15,815 


10,013 

16,176 

14,918 


14,783 

15,584 

13,838 

14,827 

14,330 

13,676 

15,345 

14,396 
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TABLE 2 — Continued 



rroxiiiiale Analysis 

I'lliiii.alo \iial\ HiH 

1 loaf Mil!; \'nliie 

It 1 11. per Ih. 


County, Field, 

di 

5 

Cl ^ 

- o 

"V. o 



a 

Qj 

c 

c 

d 

v 

a 

Cl 

1 S 

i/j a 

State 

District, or 'Piarle 

V 



rr* 

'S. 

£ 


o 




Niuiio 

o 

O 

O 


:3 

'A 

£ 

SS 

U 


M 

o 

Si 

o 

>! -< 


MituniJiKKiH — Continui'd 


Col. . . 

V am pa 

h' 

S s.“. 

31) 06 

50 19 

4 90 

1 .11 

5 69 

68 59 

1 51 

17 77 

12,161 

14,099 

Idaho 

I'lemont 

C 

11 4ri 

37 24 

17 01 

4 30 

0 .54 

5 94 

68 09 

1 40 

19 73 

12,094 

14,357 

111. 

Clinton 

C 

11 :t.'i 

.11 02 

10 03 

1.4 40 

4 76 

5 41 

57 .36 

1 05 

IS 02 

10,733 

14.263 

111. . . 

Franklin 

C 

9 9.1 

3.3 13 

48 77 

8 17 

0 75 

5 46 

67 08 

1 41 

17 13 

11,806 

14„522 

111. , 

liji Salle 

r 

12 ;]') 

.16 .89 

11 80 

8 92 

3 92 

5 85 

61 29 

1 00 

19 02 

1 1 ,399 

14,486 

Til 

Marion 

C 

11 93 

29 99 

13 90 

14 18 

4 29 

5 21 

56 94 

1 01 

18 37 

10,303 

13,943 

111. 

Saline 

C 

7 SI 

54 

.50 27 

S ,38 

2 36 

5 .Si 

67 40 

1 44 

15 11 

12,418 

14,818 

Ill 

Williamson 

C 

S 20 

.12 20 

16 59 

12 95 

3 4.S 

5 09 

62 52 

1 10 

14 86 

11,362 

14,409 

Ind.. 

Clay (Ulock) 

c 

111 91 

20 8.1 

.38 87 

17 37 

1 89 

5 48 

52 97 

1 01 

21 28 

9, .524 

14,492 

Ind.. 

(Jroene (Klock) 

c 

13 r^K 

32 07 

10 20 

H 1.1 

0 91 

5 65 

6.1 .13 

1 42 

21) .34 

11,419 

14,589 

Ind . 

Knox 

r 

10 72 

37 17 

12 77 

9 31 

1 24 

5 45 

63 63 

1 25 

16 10 

11,015 

14,530 

Ind.. 

Sullivan 

c 

13 0.-) 

34 20 

17 01 

5 01 

0 <S2 

6 07 

67 34 

1 41 

19 29 

12,022 

14,679 

Iowa 

Appanoo.se 

c 

11 OS 

3.) .19 

39 37 

10 90 

4 26 

5 57 

58 49 

0 91) 

19 82 

10,723 

14.305 

Iowa . 

Lurns 

C' 

1.) 39 

.10 19 

41 19 

12 63 

3 19 

5 74 

5.1 81 

1 11 

21 50 

10,242 

14,229 

Iowa 

Polk 

r 

13 hS 

30 94 

.1.1 17 

11 01 

6 15 

5 52 

.54 68 

0 84 

IS 80 

10,244 

14,206 

Kans. - 

Cherokee 

c 

2 .'iO 

3.3 80 

51 25 

12 15 

5 68 

4 91 

69 07 

1 20 

6 09 

12,900 

15,107 

Kans. 

(’rawfotd 

c 

4 8.'i 

.3.5 ,11 

52 .52 

9 10 

4 95 

5 08 

71 20 

1 21 

8 43 

12,942 

15,041 

Kalis. 

Tann 

c 

9 04 

29 69 

15 55 

1.1 72 

3 72 

.1 01 

60 99 

1 on 

13 .50 

11,142 

14,800 

Ky. . . 

Eastern 

i' 

3 .10 

.37 IS 

56 51 

2 71 

1) 70 

5 54 

79 61 

1 61 

9 83 

14,220 

15,172 

Ky.. . 

We.stern 

1’ 

9 48 

.3.1 01 

44 92 

9 9.1 

.1 41 

5 47 

64 72 

1 42 

15 03 

11,533 

14,314 

Ky. 

Western 

F 

4 37 

30 27 

47 07 

11 69 

3 58 

5 01 

68 26 

I 44 

9 99 

12,325 

14,083' 

Md. . 

(lOoiKe's C'rk 

V 

3 10 

15 .10 

74 50 

6 90 

0 86 

4 57 

80 71 

I 69 

5 32 

14,070 

15,630 

Md. 

Potomac 

1' 

2 38 

15 96 

70 20 

11 51 

2 53 

•* 31 

76 77 

1 25 

3 63 

13,343 

15,489 

Mich. 

Sjiftiniiw 

T) 

11 91 

31 50 

49 7.1 

6 81 

1 24 

5 81 

66 56 

1 19 

, IS 33 

11,781 

14,490 

Mo. 

Barton 

C 

.3 87 

.30 98 

51 07 

11 IS 

5 00 

5 07 

67 64 

1 09 

9 72 

12,339 

14,929 

Mo. 

Macon 

C 

13 81 

34 69 

41 79 

9 71 

3 32 

5 71 

59 84 

1 06 

20 30 

10,964 

14,341 

Mo 

Vernon 

C 

0 .31) 

.32 61 

50 83 

10 06 

4 95 

5 21 

67 97 

1 09 

10 72 

12,458 

14,931 

Mont. 

Bridger 

D 

8 50 

32 26 

4.1 69 

13 19 

0 .11 

5 06 

60 39 

1 06 

19 .56 

10,685 

13,689 

Mont. 

Tiewiston 

D 

12 .39 

26 71 

43 46 

17 24 

3 r,i 

t 84 

.51 S.3 

0 76 

18 82 

9,396 

13,390 

Mont 

TaviiiK.Hton 

D 

0 20 

30 00 

30 KS 

21. 26 

0 68 

4 77 

.53 79 

(1 86 

13 64 

9,792 

14,510 

N. M 

liatoii 


3 04 

30 10 

48 20 

12 00 

0 70 

5 2.1 

69 76 

I 31 

10 98 

12,623 

14,963 

N. M. 

Socorro 

C 

0 48 

34 51 

51 92 

7 09 

0 50 

5 32 

69 35 

1 17 

16 57 

11,992 

13,874 

Ohio 

Belmont 

C 

2 97 

37 61 

49 45 

9 97 

3 65 

5 14 

70 21 

1 23 

9 80 

12,935 

14,855 

Ohio. 

(jUoi n.sey 

C 

6 49 

35 41 

52 57 

5 53 

0 8S 

5 49 

73 41 

1.37 

13 32 

12,940 

14,708 

Ohio 

IJoeking 

C 

0 72 

32 44 

.53 41 

4 43 

0 .5 4 

.5 70 

69 .50 

1 25 

18 58 

12,247 

14,260 

Ohio 

JefFerson 

C 

3 ,50 

37 98 

51 08 

7 44 

3 09 

.5 43 

73 39 

1 46 

9 19 

13,286 

14,918 

Okla. 

Coal 

C' 

0 24 

37 20 

43 29 

13 21 

3 96 

4 93 

62 31 

1 36 

14 20 

11,228 

14,939 

Okla. . 

Haskell 



21 07 

69 SS 

6 35 

0 77 

4 46 

HI .3.3 

1 07 

5 42 

14,098 

15,502 

‘ Okla. 

McAle.ster 

I’ 

3 ,53 

38 20 

51 74 

6 53 

1 22 

5 40 

75 93 

2 03 

9 09 

13,559 

15,077 

Pa 

Allegheny 

c 

2 73 

.36 03 

54 98 

6 26 

1 .19 

5 26 

76 82 

1 46 

8 81 

1.3,815 

15,181 

Pa. 

Cambria 

c 

1 54 

23 HO 

67 08 

7 52 

1 .53 

4 73 

80 47 

1 38 

4 37 

14,195 

15,608 

Pa 

Fayette 

c 

5 1.3 

27 87 

.18 29 

8 71 

0 86 

4 91 

7.3 13 

1 50 

10 89 

1.3,365 

15,511 

Pa 

Indiana 


1 30 

20 70 

04 40 

7 60 

2 03 

5 02 

80 35 

I .36 

.3 64 

14,315 

15,714 

Pa 

Jefferson 

c 

2 44 

28 44 

60 68 

8 44 

1 32 

5 07 

70 91 

1 31 

6 95 

13,732 

15,410 

Pa 

Washington 


1 96 

30 55 

58 24 

9 26 

2 19 

4 81 

74 37 

1 45 

7 93 

13,622 

15.343 

Pa. 

We.stiiioreland 

c 

2 61 

21 42 

64 38 

11 .59 

1 94 

4 63 

75 HI 

1 25 

4 78 

13,365 

15,577 

Tenn. . 

Anderson 

c 

1 83 

30 59 

56 .50 

1 5 08 

1 32 

5 42 

78 95 

1 91 

7 32 

14.200 

15,253 

Tenn 

Campbell 

C 

2 77 

34 95 

54 18 

> 8 10 

0 88 

5 06 

74 11 

1 96 

9 89 

13,325 

14,051 


F Field C County D District 
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TAHLIO 2 — CoTirhulcd 


I’roximute AiuiIv'sih 


I'lljiiiiito AiuiIysiH 


ileiiting Value 
R.l-u per lb. 



Covjiily, l-’jold. 

Cj 

l-i 

<D ^ 

■gj 


3 

c 

& 

o 

a 

Ol 

a 

u 

12 

State 

Distnel, or Tiutle 
Niiitio 

2 

o 

b3 ^ 


'n 

o 

£ 

u 

CS 

U 

o 

9< 

O 

K 


e s 

« a 


RituiiunoUH — (-oncluikd 


Tenn. , 

Fentress 

C 

3 

40 

35 

15 

51 

5.3 

9 

92 

2 

04 


15 

71 63 


46 

9 

20 

13,1)50 

Tenn. 

Grundy 

C 

3 

92 

27 

23 

54 

7ft 

14 

09 

n 

94 

4 81 

69 97 


29 

8 

90 

12,508 

Utah 

Carbon 

C 

4 

0() 

37 

99 

49 

89 

8 

00 

1 

15 

5 

00 

71 91 


47 

11 

75 

12,830 

Utah 

I'jrnory 

Q. 

7 

18 

42 

10 

44 

81 

5 

85 

0 

OS 

5 

7J 

69 85 


43 

16 

48 

12,537 

Utah 

Iron 

C 

4 

9.3 

37 

24 

11 

79 

13 

04 

0 

72 

5 

11 

03 01 


93 

11 

19 

11,412 

Va. 

IjOo 

c. 

4 

00 

34 

93 

50 

28 

4 

73 

1 

20 

5 

.42 

7ft .59 


24 

10 

92 

13,826 

Va. 

llllNSoll 

C 

1 

84 

iio 

15 

55 

48 

(> 

53 

0 

54 

.5 

m'5 

79 28 


49 

ft 

9] 

14,098 

Va. 

Wise 

C 

2 

48 

31 

71 

00 

30 

5 

51 

0 

52 

5 

59 

71) 00 


50 

7 

13 

14,2.52 

Wash. 

Jvini' 

C 

4 

94 

3.3 

01 

40 

97 

21 

08 

0 

54 

5 

13 

59 35 


24 

12 

60 

10.733 

Wash. 

Kl(tlt!VH 

C 

4 

37 

33 

21 

49 

48 

12 

94 

0 

.15 

5 40 

09 8.3 


5ft 

9 

80 

12,. 524 

Wash. 

Pioreo 

C 

5 

94 

23 

17 

01 

13 

9 

70 

0 

41 

r> 

09 

74 04 

2 

17 

S 

53 

13,105 

W. Vfi. 

Kunawliii 

F 

5 

09 

29 

07 

02 

57 

.3 

27 

1 

03 

5 

.13 

78 23 


51 

10 

03 

14,110 

W. Va. 

Dik Sandy 

!•’ 

2 

75 

34 

91 

50 

08 

5 

00 

1 

24 

5 

.34 

78 03 


43 

7 

70 

14,071 

W. Vu. 

WheeliiiK 

F 

3 

78 

37 

58 

50 

91 

7 

73 

1 

05 

5 

2ft 

73 11 


43 

10 

82 

13,124 

W. Vu 

MonouKului 

1) 

1 

63 

2H 

42 

02 

01 

7 

94 

0 

90 

5 

00 

78 24 


28 

ft 

58 

13,937 

Wyo. 

Carbon 

C 

14 

29 

31 

82 

48 

89 

5 

00 

0 

4ft 

5 

02 

00 70 


02 

27 

20 

10,000 

Wyo. . 

Rock Springs 

F 

11 

04 

30 

37 

48 

58 

3 

41 

0 

81 

5 

72 

00 08 


43 

22 

55 

11,768 

Wyo. 

Keniinerer 


6 

50 

39 

20 

47 

78 

0 

to 

1 

37 

5 

29 

69 56 


25 

10 

07 

12,359 


Sub-bituininous 


Alaska 

Fair haven 

D 

19 

74 

30 

25 

38 

84 

5 

17 

1 

21 

6 20 

54 82 

1 

03 

31 

51 

9,583 

Ariz. 

Black Mesa 

F 

9 

88 

;j2 

64 

40 

80 

10 

62 

1 

12 

5 42 

02 00 

1 

13 

19 

71 

10,800 

Calif 

Tesla 

D 

18 

51 

35 

33 

30 

07 

15 

49 

3 

0.5 

5 93 

47 34 

0 

00 

27 

53 

8, .507 

Col 

Boulder 

C 

19 

15 

30 

82 

44 

27 

5 

76 

0 

25 

.5 93 

50 38 

1 

OS 

30 

00 

9,016 

Mont 

Red Lodge 

V 

9 

31 

34 

14 

45 

87 

10 

68 

1 

99 

5 24 

59 54 

1 

31 

21 

21 

10,472 

N. M. 

Gallup 

F 

11 

79 

38 

13 

39 

08 

10 

40 

0 

65 

5 71 

01 57 

1 

14 

20 

53 

10,897 

Ore. 

CiHj.s Bay 

F 

16 

10 

31 

10 

39 

63 

13 

17 

0 

81 

5 53 

51 07 

1 

19 

28 

23 

9,031 

Utah 

Suiniiiit 

C 

14 

20 

30 

00 

44 

80 

5 

00 

1 

41 

5 79 

61 40 

1 

09 

25 

31 

10,630 

Wash 

Piei ce 

c 

4 

11 

24 

38 

44 

75 

26 

76 

0 

44 

4 31 

58 16 

1 

39 

S 

94 

10,294 

Wyo. . 

Sheridan 

U 

29 

33 

28 

58 

30 

42 

5 

67 

1 

21 

0 27 

45 09 

0 

89 

40 

87 

7,783 

Wyo.. 

Rock Springs 

F 

18 

86 

29 

17 

47 

85 

4 

12 

0 

49 

5.04 

58,96 

1 

45 

29 

34 

10,283 


15,065 

15,256 

14,007 

1^414 

1^912 

15,150 

15,983 

15,489 

14,508 

15,147 

15,617 

15,397 

15,303 

14,832 

15,313 

13,134 

13,855 

14,207 


12,702 

13,585 

12,890 

12,807 

13,088 

14,009 

12,769 

13,160 

14,801 

11,972 

13,349 


LiKiiile 


Alaska 

Igloo Creek 

D 

25 73| 

36 39 

34 52 

3 36 

0 15 

0 87 

51 41 

0 71 

37 50 

8,735 

12,317 

Ark. . 

Ouachita 

C 

39 43 

26 49 

24 37 

9 71| 

0 49 , 

6 98 

36 33 

0 6S 

45 81 

6,356 

12,497 

Calif.. 

lone 

F 

45 78, 

30 86 

15 78 

7 58 

I 01 

8 20 

32 91 

0 32 

49 98 

6,055 

12,982 

Mont 

Glondive 

D 

34 55 

35 34 

22 91 

7 29 

1 10 

6 60 

42 4t> 

0 57 

42 13 

7,000 

12,172 

N. D, 

Williston 

V 

35 96 

31 92 

24 37 

7 75 

1 15 

6 54 

■41 43 

1 21 

41 92 

7,069 

12,557 

N. D. 

William a 

C 

44 17 

23 79 

20 28 

5 76 

0 56 

7 28 

36 11 

0 63 

49 66 

0,035 

12,055 

S. D. 

PerkiiKH 

C 

39 16 

24 68 

27 81 

S 35 

2 22 

0 60 

38 02 

0 53 

44 28 

0,307 

12,017 

Tex. . 

Houston 

C 

34 70 

32 23 

21 87 

11 20 

0 79 

6 93 

39 25 

0 72 

41 11 

7,056 

13,048 

Tex.. 

Wood 

C 

33 71 

29 25 

29 76 

7 28 

0 53 

0 79 

42.52 

0.79 

42,09 

7,348 

12,452 


Peal (raw ) 


Conn. 

Beaver Marsh 

D 

91 

20 

6 61 

1 84 

0 35 

0 02 

10 59 

5 00 

0 13 

83 91 

850 

10,070 

Fla. . 

Duval 

C 

73 

10 

14 00 

8 05 

4 85 

1 06 

9 27 

13 37 

0 53 

70 92 

2309 

10,470 

Mich. . 

Elk Marsh 

D 

00 

91 

19 04 

9 29 

4 76 

0 09 

8 97 

17 23 

0 81 

68 14 

3,024 

10,700 


F Field C Countv D Diatnet 




FUELS 


41 


them furnish the best coke that is made. (See middle of paragraph 15). 
Specific gravity 1.3 to 1.4; fuel ratio 3 to 7. See 4\il)l(' 2 for analyses of 
a few typical specimens. 

15. Bituminous. — This fuel, sometiiTies calknl soft coal, is the most 
widely distributed, and is used moi‘e extensively' than any other fuc‘l in 
the generation of steam. The physical properties of the diff('r('nt grades 
vary within wid(^ limits, and no classification so far juade has na't with 
general ai)pi()val. Bituminous coals range in color from i)itch black to 
dark brown, and in hardjiess frojii that of th(‘ ligT\iU‘s to that of semi- 
bituminous. The volatile' matter and fixed carbon conb'iil are about 
equal, but this is also true' of sub-bituminous coal and lignite. One dis- 
tinguishing feature' which serve's te) sef)^irate‘ bitumine)us fre)m the' le)we'r 
rank coals is that of weathering. Bitumine)us e'oals are* e)nly slightly 
affecteel chemically by weathering, unle'ss e'xi)e)se'el fe)r ye'ai's; and tlie'ii, 
although the coal consists e)f small j)ai‘tie‘le's, each i)artie‘le' is a ])rismatic 
fragme'iit, wlieaeas coals eif a le)wer rank bre'ak inte) thin plate's parallel 
with the beidding. (M. 11. Oampbe*ll, Pre)f. Pape'r 1()()-A, II. S. (h'O- 
logical Survey.) Bituminous (‘e)als are' eithen* caking e)r non-caking. The 
former te'iid te) form inte) a se)liel mass when heate'd in a re'te)rt e)r furnace, 
while the latter ])urn free^ly without fusing. ( 'e)als suitable fe)r making 
commercial coke are e'.alle'd coking e*e)als, but as e'ertain graele's of ce)ke 
can be maele from freevburning e'oals the' te'rm is seaiie'what e)f a, misnomer. 
Practie'.ally all coking ceials are of the caking \'ariety, but the reverse is 
not necessarily true. The' high-volatile coals e)f we'stern Pemiisylvania, 
eastern Ohio, eastern Kentucky, anel ])arts of AVe'st Mrginia, freeiuently 
groupeel uneler the he\ading ‘‘ Pittsburgh ce)al,” peisse'ss caking epialitie^s 
to a greater eir le\ss elegren', but ne)t to sueh an e'xte'iit- as the' se'rni-bitumi- 
nous e;oals. The non-caking varie'ty is ge'ne'ially known as free-burning 
and is founel chiefly in the We\stern anel Mielelle*. We'stern States. ( 'aking 
coal is rich in volatile hyelrocarbons anel is valuable' in gas manufae^ture, 
and constitutes a large pereu'utage^ e)f the^ steam fin'l use'el in the Eastern 
States. Michigan l)itiinrme)us is fre'e'-[)urning, but has a ce)nside)rable 
tendency to clinker. The' e;e)als founel in llline)is, Ineliana, anel Missouri 
are practically all fre'c-burning. le)wa coals are e)f much lower grade 
than those just mentie)ne'el, bee'ause of the'ii- large moisture and ash (content. 
Kentucky, Tennesse'e', anel Alabama bitumine)us ce)als are high-grade 
and free-burning, althe)ugh the coals from some' le)calitie's in this district 
have a temdenc.y to clinker badly. The high-ve)latile' bituminous coals 
of Colorado, Wyoming, Washington, and Ore'gejn ine-lude be)th caking and 
non-caking varieties. Specific gravity 1.2 te) 1.4; fuel latio 1 te) 3. 

Cannel coal is a variedly of bituminous coal founel in a few small areas 
of several states. It has the highest hydrogen content of any coal, and 
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bums with a flame' without fusiiijr. Jt is se'ldoiii usod for steam 

f^orK'nitiou, l)ut fimts a ii'ady market bi'cause' of its usefiihiess in the en- 
riching of illuminating gas. ('aniu'l coal difiVis greatly in appearance 
from all other bituminous coal, bc'ing homogeneous, with a black or 
grayish -bla(;k color and a dull, j esinous luster. 

Splint coal is a non-e^aking bituminous coal of singular structure and 
low volatile' e-e)ntent. It sjjlits like slate' along the seams, but breaks 
with eliflle'ulty e)n eaejss frae-ture'. Eecaiise e)!' its slaty struetpre, low 
volatile cemte'iit, and slow ignitiem, it is lit tle' useel fejr ste'aming purpose's. 

Block e‘e)al is a variety e)f Indiana bituminous, laminateel in structure 
and coTisisting e)! suce'e'ssivc' laye'is of e;e)al, e'asily separated into thin 
shee'ts. it is use'd for be)th d )me*stie* anel ])owe'r plant service. See 
Table 2 for amilvse's of a numbe'r e)f tvpie-al specimems of bituminems (x^al. 

Coke may be' j)rei)are‘d fre)m alme)st any 'luel (‘ontaining carbon, but 
the gre^ater j)art i){‘ the* e'omme're'ial pre)elue*t comes fixnn the elistillation 
of bituminous coking e'e)als. Me)st of the' e*oke' i)re)due:eKl to-elay is use^d 
for nu'tallurgie'al and gas-making ))urpe)se*s, although there is a steadily 
inci’casing demand for e*oke' for eieanestie* he'ating, and, to a limited e'xtent, 
for stc'am generatiem in ]K)wer plants. Ee)r the latteu* purpose, coke 
breeze (the fine' re*fuse from the coke e)ve'ns, (|uene‘hing table's, and grad- 
ing screens) is ]ne)st exjinmonly usexl. Diy ex)ke is coniposeel of practically 
pure carbon anel ash, with small ame)unts of ve)latile' matte'r and sulphur. 
Under eu’dinary cemelitioTis the moisture' e'emtent ranges fre)ni 5 to 10 per 
cent, but this may be> inei^re'aseel em e'X])e)sur(' to as high as 25 per cent. 
The ash eM)ntent of e'oke* bre'e'ze varie's fjoin 10 to 35 ])er cent, depending 
u})Oii the initial ash e'onte'nt of the coal usckI few making the coke, and the 
care used in prei)aratie)n. Uoke^ bre^eze is a, low-piice'd, smokeless fuel, 
and is fineling favor with e'ngine',ers in large' citie's whe're smoke e)rdinances 
are rigielly enfe)reeel. It may bei burneel satisfactorily with forced-draft 
trave'ling-grate' stoke'rs fitted with non-sifting links, and on stationary 
grates of the pin-he)le type using forced el raft. 

7'he Coking of Coal at Low Tern [wrat urea: TTiuv. of 111 , Bui. No. 30, June 3, 1912. 

Hij-Produet Coke and (^oking Ojjvrntioir Trails. A.H.M.E., Vol. 39, 1917, p. 897. 

Metallurgical Coke: Bureau of Mines, Tech. I’apor No 50, 1913. 

Smokeless fuel, manufactured fremi ])ituminous coal by a semi-coking 
process, has made its appearance' on the market. Although the intro- 
duction of this fue'l is a stef) toward the ee'onomic use of one of our greatest 
natural resources, only a small (piantity of it is bea'ng produced. A 
typical fuel of this class, and one that demanded a great deal of attention 
during the war, is manufactured under the trade name of carbocoal. 

Coal Carbonization aa Applied to Pawer Plant Practice' Power, May 29, 1923, p. 831 . 

Complete Gasification of Coal. Conihiistion, Feb., 1923, p. 105. 

DistilioHon Products of Coal: N.E.L.A., 1923 Report, Part A, p. 310. 
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16. Sub-bituminous. — This is the t(u*ni luloptecl by t hc‘ V. S. Thirciiu 

of Mines for what is commonly known as “ blai^k Tliis class of 

coal is not lignitic in the sense of being woody, but closely a])proaches 
the lowest grade of bituminous in striietiire and in luxating value. Large 
deposits of sub-bituminous coal are found in the Wc'sU'rn States, princi- 
pally in C'olorado, Wyoming, Montana, New M(‘xico, Oregon, and Wash- 
ington. When sub-bituminous coal is expos(‘d to weaih(‘r it slacks lapidly, 
the lumps b(;(;oming brittle and crumbling into tine parlick\s. This 
property,, in addition to the high moisture contc'ut, renders transportation 
unprofitable, and most of the fuel is min(‘d for local us(\ lleccait pnjgress 
in the development of furnaces and stokcas mak(\s possible* efficiemt com- 
bustion of this class of comparativ(‘ly •low-grad(' fuc*!. Se(^ Table 2 for 
analyses of typical samples of sub-bituminous cpal. 

17. Lignite, or Brown Coal, is a substance* of more recent geological 
formation than coal, and re])r(‘S(*nts a stage* in elevele)pment intermeeliate 
between coal and jx'at. Its sf)(*cific gravity is low, 1.2, anel when fre*shly 
mined it contains as much as 50 pe*r cent me)isture. Tt is nem-caking, 
and slacks e)r crumbles on exi)e)sure te) air. d1i(* lumi)s che*ck anel fall into 
small, irregular pieces, with a te*nelene*y to separate* inte) e*xtre‘medy thin 
plates. Lignite deteriorate*s greatly eluring ste)rage* e)r le)ng traiispe)rtation. 
As mined, it is a le)w-grade fue*l with a heating value e)f about e)ne-half 
that of good coal. Vast de*pe)sits of lignite are* fe)und in Te*xas, Montana, 
the Dakotas, and Alaska. Although it ranks ame)ng thej lowest grades 
of fuel with which the coml)ustie)n e*ngine‘er mu»t woi*k, it can be e*fficiemtly 
burned in the raw states in si)ee*ially ele.*sign(*d stoke'r-fired furnac(\s, or, 
with the usual preparatiem, in pe)wde‘red fe)iiu. Whe*n pre)pe*rly treated 
and cornpresseel into brique*ttes, lignite re'sists we'athe*ring satisfactorily, 
permits handling and transportatiem without e‘xce*,ssive* de‘terie)ration, and 
is practically smokeless. See Table 2 fe)r aTialyse‘s of typical samples of 
lignite. 

North Dakota Lignite a.s a Fuel for Power Plant Btnler.'i: V. S Jiiirciiii of MiiiCH, Bui. 
2, 1910. 

Briquetting Tests of Lignite. U. S. Bureau of Miii(*.s, Bui. 14, 1911. 

Combustion of Lignites: Power, Apr. 8, 1919, p. 525; Dee. l(i, 1919, p. 798: Com- 
bustion, Apr., 1923, p. 250. 

Lignite Charj O. P. Hood, Mech. Eng’r’g., May, 1923. 

18. Peat, or Turf, is nothing more than d(*c()mposr*d or d(KJomposing 
vegetable matter containing about 90 per c*(‘nt of extraneous moisture. 
Because of its high waiter content, it is unsuitable^ foi’ fuel until dried. 
Peat is little used in this country at present, though the deposits are ex- 
tensive and widely distributed, and its i)ossibilities arc^ beginrjing to at- 
tract the attention of engineers. It is estimated that tlunc are 13 billion 
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tons of peat on th(i 20 million acres of peat-bearing lands within the 
Unit('d States. When proi)erly prepared and coinprcvssed into briquettes, 
peat is an (‘xcelleiit fuel, and its adoption as a boiler fuel in this fonn is 
merely a matt-(‘r of cost. Iixc(‘ll(‘n1 r(\sults have been obtained from the 
com))Usiion of pc'at in the pulverized form. Table 2 gives the analyses of 
a few iyj)ical samples of raw j)oat. The dry pulverized peat contains 
about 3 j)(‘r (‘,ent moisture', 10 jM^r cc'ut ash, and 0.4 per cent sulphur, and 
has a heating value of 9000 to 10,000 B.t.u. per lb. 

Peat Resources of the U, S.’ t ^niibiistion, Aug., 11)22, p. 70. 

The Ihea of Peat: IJ. S. Bureau of Mines, Bui. 10, 1011. 

ProdudLon of Peat Fuel Conilnistion, Sept. 1022, ]). 135. 

19. Wood, Wood Wastei Tanbark, Bagasse.. — Wood, as utilized com- 
mercially for st(*am gc'iu'rating ])urposes, is usually a waste product 
from SOUK' industrial proc'css. Thus, in tlu' vicinity of lumber camps, 
undc'sirable tree trunks, boughs and branches (‘oiistitaite this waste, while 
in sawmills and woodworking establishimnits the refuse material is saw- 
dust, shavings, slabs, blocks and edgings. Chemically, there is very little 
difference' between tli(‘ various kinds of wood, but physically the variation 
is a wi(l(^ one, jiarticularly as regards the moisture content. Th(‘ heating 
valuer of dry wood range's from 7300 to 9900 B.t.u. jx'r lb., and, contrary 
to general sui)position, hard wood gives less hi'at than soft wood. Ordi- 
narily, the heating value of wood is considered equivalent to 0.4 that of 
bituminous coal, but this is a very rough rule since the moisture content 
greatly influences the amount of heat available for steaming purposes. 
In order to j)roduc(* a fuel of Jiiore uniform size and one that is more readily 
handk'd, many mills “ hog or macerate the logs, slabs and stocks. The 
hogged wood, mixi’d with the sawdust and shavings, mak(\s a very de- 
sirable form of fu(‘I. The moisture content varies from 20 to 00 per cent, 
with an av('rag(! of about 45 per cent. A cord of wood equals 4 })y 4 by 
8 feet, or 128 cubic feet. From 55 to 75 per cent of this volume is solid 
wood, and the remainder interstitial s[)aces, the smaller value referring 
to sizes bet vvi'en 3 and 0 inches in diametcu- aTul the larger to “ timber ” 
cords. On account of loading, transportation, .and storage limitations, 
wood waste is rarely burned, except at tlu' mill or plant. Wood furnishes 
only a small jxirt of the fuel us('d for power plant purposes. 

Hogged Fuel Power Pljiiit Engineering, Apr. 15, 1922, p. 407. 

Burning Sauuiast' Power, Dee. 31, 1921, p. 914. 

Utilization of Wood Waatc ai> Fuel tn Stcaiii Power Plants: Mech. Engrg,, July, 1925, 
pp. 545, 550, 552. 
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TABLE 3 

PHYSICAL AND CHEMICAL PROPERTIES OF WOOD AND ALLIED SUHSTANCES 


(C\)iiipilod from Vnnous CiovoriinicMit PubliciitioiiM^ 


Wood 

Weipht por ('u. J’l. 

flrosH Iloiif 
Valuc 

n 1 11. 

pi*r LI). 
(K'llii- 
Diied) 

ritiiiiatc Antdv^is, Per (^ont 

1 1 )LV ) 

Air Dru'd 

Cliccn 

Ciir- 

boii 

Hv- 

diop.eii 

Oxy- 

gon 

\sh 

Ml. 

Ash, white 

12 

47 

8210 

49 73 

6 93 

•i:{ 04 

0 30 

Beech. . . 

13 

54 

1 S063 

51 61 

6 2() 

41 45 

0 ()5 

Bir(‘h, white . 

3S 

51 • 

795S 

■19 77 

6 49 

13 15 

0 29 

(>(idiir, white. 

21 

2S 

7725 

4S SO 

C. 37 

11 40 

0 37 

Cypress ... . 

n 

47 

9()7S • 

51 9S 

6 51 

3S OS 

0 40 

Kim 

44 

5,3 

SI 05 

50 35 

6 57 

12 34 

0 74 

Fir 

27 

52 

S2S5 

52 32 

() 42 

41 23 

0 03 

Hemlock.. . 

25 

19 

soon 

52 3s 

5 91 

41 23 

0 4S 

Hickory, shellbark 

57 

1)5 

79S() 

■19 ()7 

6 A\) 

43 12 

0 73 

Maple * . . 

44 

5S 

S414 

51 55 

t; ()1 

41 2S 

0 5() 

Oak, black 

42 

61 

7530 

IS 7S 

(i ()!) 

44 OS 

1 0 15 

red ... 

15 

65 

79SS 

■19 19 

6 ()2 

43, 7 4 

0 15 

white. . . . 

IS 

59 

S112 

50 -l l 

6 59 

•12 73 

0 24 

Pine, pitch . . 

m 

51 

10120 

59 00 

7 19 

32 6S 

1 12 

white . . , 

27 

39 

SI 71) 

52 55 

6 OS 

4 1 25 

0 12 

yellow. .. 

29 

49 

SS36 

52 60 

7 02 

40 07 

0 31 

Poplar 

29 

49 

S21 1 

51 64 

6 26 

41 45 

0.65 

Corn (air dried) . 

56 lb. pci 

1* bushel 

SI 60 





Straw (dry, coinfiresseil) 



* 





(white) . 

lb, p(‘r cu. ft. 

6500 





Tanbark 



9500 

51 .SO 

() 04 

40 71 

1.42 


Kiln-(lrio(l wood luis ;i moist lire content of ii|)i)roxini:itely S per cent; 
Air dried, about 12 to 15 i)cr cent, and Krcen wood 25 to 60 per cent. 


Charcoal is made from wood in mu(;h the sairu^ maniKT that coke is 
made from coal. It is seldom used for stt^am f 2 ;eneration ex(;ei)t in plants 
where it is a waste by-product. 

Tanbark is the fibrous portion of bark naiiaininK aft(T its use in the 
tanning industry. The jiiltimate analysis of dry tan})ark is practicall}^ 
the same as that of the wood from which it is taktui, and its h(‘ating value 
in th(^ dry state is about 9500 B.t.u. per 11). Tanbark, when removed 
from the vats, is v(‘ry wet (moisture content about ()5 f)ei* cent), and it is 
usually fed to th(‘- furnace in this condition. Th(‘ net In^at available' for 
boiler service is very low because of the' excessive^ moisture conteuit, and 
is approximately 2700 B.t.u. per lb. Tanbark is an unimportant fuel 
because of its limited us(l 

TdTiha/rk as d Fuel: Trans. A.S.M.E., Vol. 29, 1909; Vol. 30, 1910. 
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Bagasse, or Megasse, as it is sometimes called, is refuse sugar cane 
and is usc'd as fuel on the sugar j)lantations. Th(^ chief constituents are 
(1) fiber, (2) sucrose, glucose and other reducing sugars, and (3) water. 
The fiber content varies from 50 to 00 j)er cent ni thv total weight; the 
sucrose and other nnhicing sugars from an almost lU'gligible (quantity to 
10 per cent; and the water from 40 to 05 i)(*r cent. When bagasses is fired 
in the raw state, the gross h(‘a4ing value varies fiom 3000 to 4800 B.t.u. 
per lb., depending upon th(' moistun' conb'nf. In the dry stato, the 
heating value is aj)|)roximat(‘ly 8300 Jbt.u. per lb. Bagasse -is burned 
either in the raw statc‘ or' after b(‘ing wholly or partially dried. Onh ton 
of Louisiana sugar- canc^ g(MU‘rat(‘s fr'om l.Ki to 1.44 b.hp. It is thus seen, 
considtiiing th(^ thousands of t.oirs of sugar- cane I'aised, that bagasse is an 
important fuel in th(‘ sugfir 1 rouse. , 

(iti a Fuel: A.S.M.l], Vol. .St), It) 17, p. 011. 

The Heat Value of Corn Foiver: Aug S, lt)22, j). 211. 

20. Clinkoring and Nnn-riinkerliig Fuels. — Clinker is formed by the 
mechanical adh(\sion of th(‘ jraiticles of ash or l)y the fusion of the ash 
itself. Fr-om th(‘ o])ei‘a.ling standpoint, the clinkcM-ing characteristics of 
a fu(4 are of gr-(\at(M’ imi)or’tanc(‘ than all others, with tlu' possible^ exception 
of the caking, or- so-(!.'U1(mI “ coking,” pi-o])erties. The standard ash- 
fusion t-eni])(‘ratui’e is tak{'n a.s 2450 d('g. fahr., with a variation of 50 
degi-ees plus or minus. If th(^ a,sh-fusion t(‘mperatur‘es are below 2400 
deg. fahr., th(^ fuels are classifi(*d as clinkering, and if above 2500 degrees 
as non-clinkering. Hard clinker is fornr(‘d by th(' dir(K;t melting of the 
ash or of some of its constitucuits. Tt hardens while in the ash on the 
grates. Soft clinker remains inoltcm while on the grates, but hardens 
wdien its t(Miiperatui-e is sufficiently reduced. All solid fuels containing 
ash will clink(M- wIk'Ii tht^ rate of combustion is sufficiently high, but 
whethc'r the resulting clink('r is objectionable or not can be determined 
only by actual scuvice test. Large amounts of non-adhering clinker are 
not particularly objr'ctionablo, while small amounts of pasty slag may 
give much tr-oubl(\ TIkmc appear-s to be no definite redatioii betwerm the 
chemical composition of the ash and its clinkering propertievs, because of 
the influence of such factors as construction of^he furnace, combustion 
space, draft, cooling action of th(‘ gratc's, and the like. As a rule, ash 
that is high in silir'a contains little ir-on and will not fuse easily; but if the 
silica d('cr('as(vs and the iron increases, fusing will take place at a lower 
temperature. The cair-vcvs in l"ig. 9 give som(‘ idea of the relation of 
fusing tem]i(‘i-ature of ash to the ])(M-c('ritag(*s of silica, iron oxide, and sul- 
phui-. The softening or- fusing f empei-ature, as determined in the labora- 
tory, is a measure' of tin' clinkering quality of the fuel, as ash that gives 
a fusing temperature above 2700 deg. fahr. will rarely give trouble if the 
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coal is properly fired. In the anthracite coals and the lower and older 
bituminous beds, the ash is r(‘fractory (2()()() to 3100 dep;. fahr.), j^ivinp, 
no trouble from fusion. The hulk of the Pennsylvania bituminous beds 
have medium ash fusibility (2200 to 2()()0 d(‘p;. fahr.). Tn th(^ eeniral and 
western rep;ion, the ash fuses readily (1000 l-o 2200 dep,. fahr.). C tinker- 
ing fuels give the best rt'sults wIkui handlcal on stolons that ejear them- 
selves of ash eonlinuousiv. With eok- 

‘ — on 

ing coals, th(' fuel Ix'd should b(‘ 
agitated during combustion; Avilh ficH'- 
burning coal it should not be disturixal. 

21. Ualorllir Power of Solid Fuels. — 

The heat libcnated by 1h(‘ conipkde* 
combustion of a unil wf'ight of find is 
calknl tlu' heating value, or calorific 
power, of the fuel. Th(‘ only a-ccarate 
method of determining this (piantity 
for a solid fuel is to burn a wenghed 
sample in an atniosph(ne of oxygen h\ 
a suitable caloriinetcn-. An alt(‘rna(iv(' 
method is to calculate' the' he'ating 
value from the' ultiniate' analysis. 

Approximate r(*sults may lx* obtaine'd 
from empirical formulas baseal upon 
the proximate analysis, 

Dulong’s formula is the* genierally a(‘(‘e])t(‘d rule b)r calculating the 
heating value of coal. It is based on the assumption that, all tlu^ oxygen 
in the fuel, and enough hydrogeni to unite' with it, are inert in the' form of 
water, and that the reniainde*r e)f the' hyelrogen and all of the^ carbon and 
sulphur are available fe)r ejxidation, thus; 

hd - 14,0U0 (- + ()2, ()()() (H - 0/8)+ 4()()() S, ’ (4) 

in which hd = heating value in B.t.u. f)e*r lb. of fuel. 


t/j u 

*J V 

P 5 
U a 



21 22 23 21 2.0 

Fuairijf Temperature of the Aah, 
Huntlrcila ol De(f. Fahr, 


Fi( 


9. (^-urvos sliowiiiji; Rchitioii e)f 
Fusing 'rorniicnil lire of Ash to Per- 
eenliipo (^iiUeMit of Siliciii, Iron 
Oxide, niiel Sulphur. 


C, II, 0 anel S refer to the' piojuntion by weight eif carbon, hydroge*n, 
oxygen, and sulphur in the* fuel. 

Heating values (calculated by means of Dulong’s formula fail to check 
with calorime'tric detc'rminations, because 

(1) The he'ating value's of the (*leuK*nts, carbon, hydrogc'ii, and sul- 
phur, are not accuiately e'stablished and thee true values may depart 
somewhat from those given in th(' formula. 

^ In the fuel bulled-iiis of tlic IJ. S. Oteological Surve\y :i,iid th(' Bureau of Mines, 
Dulong’s formula is stateel: 

hd = 14,544 C + 62,028 (H - 0/8) + 405C S. 
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(2) The heating value of an element in a chemical compound is not 
necessarily that of th(^ same element in th(‘ free state, because^ of absorp- 
tion or (^volution of heat duiing formation of th(^ eonii)oiind. 

(3) The oxyg(‘n content in th(‘ ultimate analysis is debu’mined by 
difference. This nu'thod throws tin* summation of all th(^ ('rrors in- 
curn^d in the oth(M’ (k^tcaininations uiion the oxygem. Furthermore', the 
assumption that, all of tlu' oxygt'ii is combined with hydrogem to fonii 
water is not ti‘U(‘, since' some* of the* e)xygcn may be combined with carbon. 

Heiweve'v, in sjnte' of the'se ed/jectienis, exteaisive investigatipns show 
that Dulemg’s fe)nmila givt's le'sults which agre'e* substantially with 'e*alo- 
riine^tric ele‘t('rmi]iations for all orelinarv e-eials. With lignite, woeiel, anel 
other fiu'ls high in e)xvg(‘n, and fvith some fue'ls high in hyelrogen, such 
as e;anne'l e*e)al, the' n'siilt^ ar(' not re'liable' and inav be e*e)nsiele*rably in 
error. 

Numerous att(‘nij)t,s have be'cn made' to e'stablisli e'lnpii'ical feirmulas 
for e;ale;ulating the' he'at value* from the* preiximate iuialysis, but the re- 
sults have beM'ii de'cide'dly discorelant. Many e)f these* rules give con- 
sistent re'sults wlie'u a[)i)li('d to certain edasse's of fue'ls e)r te) fuels from a 
give'll district, l)ul as ge'iie'ral laws the'y may le^iel to se'iious error. 

In this connee'tiem may be* me'ntione'el the' inve'stigations eif Mahle'r,^ 
Lord anel Tlaas,- Pan and Whe'e'le'iy* (lemtal,'* and Ke'iit.'^ 

Wlu'n a se'ries of tests is Ix'ing made with a vie'w e)f impreiving e'ffie'ienicy, 
it is e)f e*e)nsiele‘iable* iiujiortance* to have' the re'sults of e'ach test immedi- 
ate'ly after e*e)mi)le'tion of 4-he^ run, in eirele'r that the informatiem gainenl 
may bo use'd in the' succi'eding te'sts. For this reason it is partie*ularly 
ele'sirablo to dete'rmine the heating value of the* coal and “ eanders with 
as little elelay as peissible'. If the seiurce* eif the ceial supply is kiienvn, the 
simplest, anel a fairly accurate* metheiel, is to assume* a fixed heat value 
for the* e;ombustibl(*. This may be obtained fiom re'sults e)f pre'vious 
tests eir fi’om results imblishe'd by the Burc'au eif Mines. For e'xample', 
the* average* lu'at value of the combust ibl(* feir a number eif Illiiiejis e^eials, 
as e'ennpileel frean Clovernme*nt re'jiorts anel other senirces, is 14,300 B.t.u. 
j)er lb. With the (*xe'('i)tion of a \cry fe*w samples, the* actual heating 
value varii'el less than 2 jK'r ce*nt from this ave;rage anel the* maximum 
ele'parture eliel neit exceed 3 per e*ent. lOxtensive e'xperiments cemducteel 
in the powen* plant laboratory of Aiinemr &: ("ompany, Cliicago, Illinois, 
show that the heat valui' of the combustible* in the re'fuse eir clinkers is 

^ SteiJim Boiler Eeoiioiiiy, H. T. Kent. John Wiley A Sons, Inc., IQIT), p. 143. 

2 Trans. A.S M.E., Vol. 27, 1897, p. 259. 

3 Illinois ITiiiversity Engineerinii; Experiinc'nt Station, Bui. 37, 1909. 

^ Comptes Rendus do L'Acadomie des Sciences, Vol. 135, p. 477. 

5 Trans. A.S.M.E., Vol. 36, 1914, p.l89. 
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practically that of the combustible in the fuel, averajring 14,100 B.t.u. 
per lb. ior Illinois coals. 

The heatinp; valu(‘ of any fuel may 1)0 debainiiied from the proximate 
analysis, with a fair dt'gree of accuracy, by calculating: tlu' ultimate analy- 
sis, as shown in the pr('cedinf»: paraf^rajdis, and applying; r)iilonp;'s formula. 

Calorimetric determinations an' necessaiy in all cases wlu're accuiacy 
is required. 

Example 6. — Approximate the h(‘at values for tlu' Illinois coal (anal}^- 
sis as in Example 1) from the calculated ultimate analysis. 

Solution. — Proce(‘d as in tabular chart. 


1. Assuiniiitz; ii fixed heat valiu* foi lh(‘ ronihiist ihh 

h - i4,:^n() X o.sloa . . . 

2. Calculated from Dulon^^’s formula : 

* {(i) h - M,(K)0 X ()(m -h ()2, ()()() X ()0;{2() 4- 4(K)0 
X ().()2S 

t {)») h = 14,()()0 X 0 (;S2 -I- ()2,(K)() 

(0 Om - 0 0770 Sj 

t {(') fi - M,(K)0 X 0 (iOoo -h 02,000 

(0 012S - 0 0701, S) 4- 1000 X 0 0107 

3. Actual value from caloiiuKder t(‘s1 

* (n) UlLiiiiato iiuah HIM (mIcuImUmI ridin in cnifrt' uiiah sis of lllinruM comIm Scic I^xiiinplo 4. 
t (ft) Vlliitialo uniilN HIM ( .il( iiliitcd fami {ni:iIyHiH*(F-(iuatioiJH (1) lo fUj. 

t (<’) UlUiiiate HIS from (•lieiiiu'!il IcmIh 

22. Size of Coal. — Coal is mark(‘t(‘d in different sizes, varyinp; from 
lump to scrc'enings. TIk* latt,('r furnish by far tli(' f 2 ;r('at('r part of the 
stoker fuel used. Tlu' sizers and f»ra(h's vary so much, accordinp; to kind 
and loc.ality, that thi're are no fijcau' rally recofz;niz(Hl st-andai’ds. The 
standards recommended by the A.S.T.M. and A.S.M.E. are given in 
Tables 4 and 5. 

Specific Gravity Studies of Illinois Coaly Uiiiv. of 111., Bui. No. 44, July 3, 1916. 
Weight of Various Coals: Bureau of Mines, Tech. Pauer, No. 184, 1918. 

For maximum efficiency, coal should b(* uniform in size'. With hand- 
fired furnaces there is usually no limit to its fineness, and larger sizes can 
be used than with stokers. As a rule, tlu' jier cent age of ash increases as 
the size of coal decreases. This is due to the fact that all of the fine 
foreign matter separated from larger coal, or whicdi conu's from the roof 
or the floor of the mine, naturally finds its way into the smaller coal. 
The size best adapted for a given case is ck'pendent upon the intensity of 
draft, kind of stoker or grate, and the method of firing, and its proper 
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'J'ARLE -1 

ANTI1I<\(’ITI-J COAl. SIZES 
■\ S M’.M Sl!iii(l;inl 
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1 
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li 

3 

4 
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11 

Slack 

.] 

4 
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Run of Mine 
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3 

u 

Lump, 


0 
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f 
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selection often affords an opportunity to ('ffccl considorahle economy. 
The influence of the size of screenings on tlie capacity and efficiency of a 
boiler in a specific case is illustrated in Fig, 10. The (airves are plotted 
from a series of tests conductcnl with Illinois screenings on a oOO-hp. 
B. & W. boiler, equipped with chain grates, at tlu^ pow(‘r house of the 
Commonwealth Edison (A)iiipany. J^or sizes of washed coal S('e para- 
graph 23. 

Selective Preparation of Boiler Fuel Conilmstion, Fol). 102.^, p. OS. 

Washed Coal. — Coal is waslied for tlu ])uri)os(‘ of s(‘j)arating 
from it such impurities as slate, sulphur, boiK^ coal, and ash. All of 
these impurities show theiiiscdves in 
the ash when thc' coal is burned. 

Screenings contain anywheax' from 5 
per cent to 25 per cent of ash and 
from 1 per cent to 4 p(‘r cent of sul- 
phur. Washing eliminates about 50 
per cent of the ash and some of the 
sulphur. The evaporative powca* of 
the combustible is practically unaf- 
fected by washing, and the gr(‘at(‘r 
part of th(i water takem up by the 
coal is removed by thorough drainage. 

Many coals, otherwise' worthless as 
steam coals, are niiidei c'd marketable 
by washing. Tlu'n? is no recognized 
standard of siz(\s foi’ washed coal, 
the sizes and giades varying accord- 
ing to kind and locality. The following sizes apply to Williamson County 
only, but give some idc^a of the average diiiKUisions for other localities: 



Thioufth 

Over 

No. 1 

3 -in. round holes 

1 Ciii- round holes 

. 2 

IJ-iii. “ 

1 -in. 

3 

1 -III. 

3-in. 

4 

3-in. 

i-iii. “ “ 

5 

l-in. 



Coal Washing in Illinois: Uiiiv. of III., Bui. No. 9, Oct. 27, 1913. 


24. Selection and Purchase of Coal. — P('rhaps no singki item in the 
operation of an existing plant, or in the d(\sign of a ik'w plant, affords 
such an opportunity for effecting economy as the selection of fuel. Care- 



Fig. 10 Influence of Size of Coal on 
Boiler Ca])acity and Efiicicncy. 
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ful investigatioTLs have shown that almost any fuel can be efficiently 
burned in suitably desigiK^l special furnaces; therefore the problem of 
selecting a fiud for a proposc^d installation requires experience with the 
different kinds of e(|uipnH‘nt, in addition to a thorough knowledge of the 
characterlsti(;s of vaiious fuels. Foi‘ existiTig i)lantS; llu^ j)ro})lem is largely 
a matt(;r of testing. In many cases it has been found advisable to rede- 
sign furnac(\s t-o utilize* a low-grade fuel rather than to purchase an (*x- 
pensiv(‘ coal. following information is useful in deciding on the coal 

best adaj)ted for a plant 

а. Type and size of boilers and furnaces. 

б. Load conditions, average* and maximum le)ads. 

c. Draft available anel me‘the)el*e)f e‘-ontroL 

d. Character e)f cexils e)ffe‘re‘el or available*. 

1. Mea'siure* anel its effect e)n we*ight of ce)mbustible. 

2. Volatile matter anel its re*latie)n to type* e)f furnace. 

3. Ash; its a,me)unt anel its fusibility and tendency to clinker. 

4. Sulphur; the ameaints anel he)w centibinenl. 

5. Heating value, calorime*te*r ele*terminatie)n. 

0. Coking ejualities of the e‘e)al. 

7. Ste)rage aiul tenele*ne*y to sj)on1 ane*ous combustion. 

e. Relation e)f the size* of e*,oal te) the* eHiuipuie*nt. 

After the el(*sire*d graele e)f fue*l has bf'en ele*e‘ieled upe)n, the next step is 
to enter inte) an agre‘e'me*n[ \^'ith the* ele*aler whereby the* delivery of that 
particular fuel may be elepemded upon. The* important items to be con- 
side*reel in the sj)eeafie*atie)ns are: 

a. A state*me*nt of the ame)unt anel character e)f the e;e)al de*sire*el. 

b. Conelitions fe)r elelivery. 

c. Disposition to be made of the e‘-e)al in case it is outside the limits specified. 

(I. C,"orrectie)n in price for variatiem in heating value anel in moisture 

and ash (!e)nt;ent. 

e. M(*,thod of sampling. 

/. By whom anal 3 "ses are to be made. 

In specifying the* e*harae*te*r of the coal desirevl for the average small 
plant, every essential re*eiuire*ment of the purchaser may be fulfilled by 
confining the specificatie)ns to the four following characteristics: 

Moisture, 

Ash, 

Size of coal, 

Calorific power of coal. 


* The Purchase oj Coal, Dwight, T. Randall. Trans. A.S.M.E., Vol. 31, 1911, p. 987. 
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Although moisture is a great and uncertain variable, and the producer 
can exorcise no control over this factor, tlie pun-haser should protect 
himself against excessive moisture by stijnilating an amount consistent 
with the average inh('rent moisture^ in tln^ coal, and piopc'r penalty should 
be fixed for d(‘livery in excess of the amount allowed, a corn'spondiiig 
bonus being paid for deliveiy of less than contract amount. ('onsid(‘r- 
able attention should be giv(‘n to ihr percentage of earthy matter con- 
tained. The amount of earthy matb'r iisujilly fixes the hc^ating valiK' of 
the coal, *since the heating value of th(‘ coinbustibh' is ])iactically constant. 
The ettect of ash on the fuel 
value of Illinois scrc‘enings, as 
fired inuU'r a lb W. b(»iler y 
with chain grat(‘, is shown in 
Fig. 11. This valiK' varies 
with th(‘ different tvp(‘s of 

• I 10 

boilers, grata's, and furnaces, 
but is substantially as illus- (u 

trated. Th(' amount of r(‘fus(' o 
in the ashpit is always in | 
excess of the earthy inattxa- as ^ 
rei)orte(l by analysis, excc'pt ^ 
where th(' amount carrical au 

beyond the bridge' wall is very 

large. 

The maximum allowable 
amount e)f sulj)hur is seane'- 
times specifieel, siiie'C' some' 

grades e)f coal that are high ivrci ritoi ’ asii in uiy cooi 

in sulphur cause e'emsidcaable Influnicci of Ash on Viiluc oi 

e*liTik(Ting. Sulphur, he)we'ver, ^ 

is ne)t always an inelie’-atiem e)f a e^hnke*j‘-pje)elucing ash, and a more rational 
pre)e;eelure wenUel be to classify a coal as edinke'ring oi- nem-clinke'ring ac- 
cording to its behavior in the particular furnace' in epiestion, irre'spective 
of the amount of sulphjir present. An analysis of the various constit- 
uents of the ash is necessary to determine whether or not the' sulphur 
unites with them t-o produce a fusible slag; and as such analyses are 
usually out of the eiuestion on account of the expense' atlacheel, thc'y 
may well be omitted. Ash fuses between 200(3 anel 3000 deg. fahr., and 
if the formation of objectionable clinker is to be ave)id('el the furnace must 
be operated at temperatures below the fusing temperature. Several large 
concerns insert an ‘'ash fusibility’' clause in their coal specifications. 

The heating value of the coal, as determined by a sample burned in an 
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atmosphere of oxygen, does nut give its commercial evaporative power, 
since this (l('p(^nds largely upon the (ioniposilion of the fuel, character of 
grate, and conditions of operation. It serves, however, as a basis upon 
which to d(^t(mnine the (‘ffuaeiicy of the furnace. In large plants where a 
numb('r of grMxl(‘s of fiu'l an^ availa])l(*, it is customary to conduct a series 
of tests with tlio diff(‘r(‘nt grad(\s and sizes, and the one that evaporates 
the most wat(n’ for a given sum of money, other (‘onditions permitting, is 
the one usually contractf'd foj-. In designing a new plant, particular at- 
tention should be i)aid to tlie pcMTormance of similar plants already in 
operation, and the fia^l and stoker that iw found to give the best rrturns 
for the money should lx* th(‘ on(‘s s(‘leeted. When' smoke prevention is 
a necessity, the smoke' factor gr<'atly influences the choice of fuel and 
stoker. • , 

A Rational liases for Coal Rorchau' SpvnJicatiO'n^i, 10. B. Ricketts, Proc. Am. Soc. 
Testing Vol. 22, 1022, p oo7 

Effcclire B.t.n. and t'o.sY Dclcinum' Valot' of Root Power, Sept. 18, 1923, p. 448. 

26. Powdered Fuels. — Piactically all solid fuels can b('. burned effi- 
ciently will'll finely ground or jiulvi'rized. In fact, somi' of the overall 
boiler and furnace ('fficieiii'ic's ri'alized with powdered fuels have been 
equal to those obtainc'd in thi* best oil-burning plants and 2 to 3 per cent 
higher than those' of thi' best stoker-firi'd plants. Thi^ problem, however, 
of whether a, fuel should be burned in bulk or powdered form is largely a 
financial out', in which inci^'ased hi'at ('fliciency must be balanced against 
the ultima! (' cost, of obtaining this ofTKai'iiey. Each system of firing has 
its advantagi's and disadvantages, and what, may bi' of small consequence 
in one situation may prove a sei’ious drawbaciv in another, so that all the 
items entering into the probh'in must be carefully studied before an in- 
telligent choice can be made. Numerous cases may be cited in which 
anthracite, all grade's of bituminous, lignite, and peat are giving excellent 
results will'll burned in the powdered form; but the art has not yet been 
developed to the iioiiit whei-e sufficient data are available to prove con- 
clusively that the same results could not have been obtained with properly 
installed and operated stolver-firi'd iflants. In »viow of the latest de-t 
velopmcnts, it seems jirobable that within a few years powdered fuel will 
supplant the mechanical stoker in certain fields, while in others the stoker 
may extend its service. With low-grade bituminous coals, anthracite 
culm, lignite, and peat, dust firing appears to have the advantage; but 
with a good grade of bituminous coal, anthracite, and coke breeze, the 
stoker-firi'd ])lant is still the better investmi'nt, except, perhaps, where 
the load factor is vi'ry low and the standby losses correspondingly high. 
Some of the advantages obtained in burning powdered fuel are as follows: 
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(a) Complete comhxistion may he obtained. The fiu'l, in the form of fine 
impalpable dust, is forced or induced into tlic^ zoiu' of (‘.ornlnistion, where 
each minute particle is l)rouf 2 ;ht into contact with th(' lu^cessaiy amount 
of air, and com[)l(‘te oxidation is effectcMl with minimum air (‘xcess. 

(b) Overall heal ejficieney ts increa.sed. Hc'at ellicicMicies of boih'r, fur- 
nace, and hiph as So pei- ccmt have' Ixhmi obl.ained on t('st with 

stoker-fired boilers; but with normal op(‘ra,tion, considcain^ all standby 
losses, overall efficiencies scddoin exe(‘ed 7S per c(ait, and this only in the 
very best practice wIkmc' highly skilled ladp is (‘m])loy('d. With a cor- 
rectly desif>;ned and pro])(‘ilv opcaatc'd ])owd(‘r‘('d fuel systcaii, ethciencies 
as high as 87 per cent hav(‘ Ixam obtained on t('sl, and ovca-all elhcicaicies 
as hip;h as 80 pea* (aait hav(‘ Inaai mailit-aiiKal on coidinuous ojxa’ation. 
With leedwater (aanioniizcas and air ])i(‘h(ait(as, (dli(a’(ai(a'(\s as hi^h as 93 
per c(ait hav(' Ixaai na-ordiaV 

(c) A eheaprr (jrade of fat I may be burned. In fact, som(‘ p;rad(‘s of fuel 
whi(‘h ar(‘ buriual with only inodcaatc' suce(\ss in bulk may be efliciiaitly 
consumed in the ])owder(‘d form. Wilh st()k(as and hand-firing;, the 
boiler, furnace, and j;rat(^ (‘flici(aicy drops oil with lh(' d('cr(*ase in laait 
value of th(‘ fuel, but such is not th(‘ ca,s(‘ with th(' powchaaal pioduct. 
Powdered fuel {uactically (diniinates loss of (‘ombust ibh^ in th(‘ ashpit. 

(d) The fuel and air mipply may be readily eonirolled to meet the jluctua- 
tiona in load. A heavy ovcaload can Ih' (piickly tak(ai on, or dropi)ed, 
without the wa.ste of fmd tliat frecpnaitly occins imdca- like conditions in 
stoker practice. Duiin^ banked pca iods no fin'l is (ircal. Both the stack 
damper and auxiliary aJr inlets may b(' closial tightly; laaice no air flows 
through the furnac(\ Tlu^ standby loss('s an* redma'd to a minimum. 

The factors which must lx* considered in (‘omu'ction with powdered 
fuel, and which may aflect, tb(‘ ])robl(Mn of s(‘lection an*: 

(1) First cost of fuel-preparation plant. Tlu'ic is ik) (piestion but that 
the first cost of the e(]uipm(*nt from “ coal car to ash car ” is greater for 
plant using the powdenal fu(?l than for t.h(* stok(*i‘-fir(’d ])lant, but the 
difference in cost d(*p(‘nds upon so many conditiojis that geiu'ral figures 
are of little value. , 

(2) Size of plant, d'he minimum size of boik'r phuit which (;an be oper- 
ated more economically as a pulveriz(‘d-fu(‘] plant than as a stoker-fired 
plant depends upon whetheu’ the fu(‘l is pn‘par('d in a c(*ntral plant or in 
the so-called unit ” plant. (See paragrai)h 113.) For the central 
plant this minimum has been placed as low as 500 and as high as 3000 
b.hp. rated capacity. Unit plants as small as 100 hj). are purported to 
give economical returns on the invest.mc'Tit. The marked: price of the 
equipment, cost of fuel and labor, and the load factor’ of the plant are the 
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controllinp; olomonis. The laig!;cst powdcn'd-coal-buriiinfi; plant to date 
is that of the ( 'ahokia station of the Union Electric Light & Power 
Company, whi(;h is to hav(^ an ultimate capacity of 300,000 kw. 

(3) Space requirciuvnU. The extra si)ace required to take care of the 
fuel-pn‘paration plant may prove an obstacle to the installation of such 
a plant; but a study of thf‘ lab'st powdered-c.oal cmitral stations will show 
that in a mod(nn boikn* room, sp(‘cially desigiual for i)owdered fuel, the 
(mtire ai)j)aratus may b(^ (K)m])aetly lioused. 

(4) Coi<t of preparing poivdered fuel. Th(^ cost of preparing powden^d 
fuel, (;xclusiv(‘ of fixc'd chai‘g(\s, d(‘]K‘nds largely upon the initial condition 
of th(’ fu(‘l, d(\sir(‘d hiHUH^ss of th(' ])owd(aed product, size of plant, cost- 
of fuel and labor, aJid the (luan^ity of fuel handkul. In plants iind(‘r 
2500 b.hj). latod capa-city, th(‘ opca’ating cost of firing fuel is generally 
greatej- foi‘ th(‘ p()wd(‘i(‘(l e(piii)m(‘nt than for a* modern stoker installation, 
but in lai’gcu' plants th(‘ cost is approximately t]i(‘ same. The average 
cost of prt'paring pondercMl (‘oal in a number of jilants of 9000 to 2500 
rated b.hp. (ycair 1923) rangisl from 35 to (>() cts. p(‘r ton; this covers the 
entin' cost, including fix(‘d charg(\s, from the' unloading of the coal to its 
deliv(‘ry in t.lu‘ furnace. 

fW of Preparing and Dehvering Powdered Coal to the Furnace: Bureau of Mines, 
Bui. 217, 192;i, p. 100, Nsitioii.'il I'inguiecT, Nov. 1924, p 528. 

(5) Maintenance. As most of th(‘ pulveriziiig-plant ('quipment is of 
the slow-moving tvp(‘, tlKMiiainUaiance cost may b(‘ k('pt to practically 
that of the coal- and ash-handling (‘quipmemt of a stokiu-tired plant of 
e(iuivalent siz(*. Much trouble* lia-s Ihhui expeuieuiced })(*cause of the 
rapid destruclion of fuinaci' brickwork in inqmiiMMly desigiual powdered- 
fuel furnaces, but the lal(*st installations show that the* niaintemancc cost 
of the r(‘fraclorit‘s is no grexiter than with stoker tiring. 

(0) Sloraxje. Large (juantitic's of powdered fu(*l cannot be stored econom- 
ically for any great length (jf tim(\ b(‘cause of its hygroscopic propertie^s 
and its tendency to pack when moist. Many citic's limit the storage of 
powd(M-ed fuel to such small (piantities as to interf(*re seriously with 
operation in c.ase of breakdown to the ]nilverizing; or drying system. In 
the niodein powdered-fuel plant, sufficient reserve capacity is (effected by 
intermediates storage Ix’tween furnace aiid mill. 

(7) Slagging. At high boiler ratings, with fuels having a low fusing 
point, considc'rable slagging of the ash occurs. This molten slag is very 
destructive to the brickwork with which it comes in contact. The same 
objections, however, hold true for stoker-fired plants. In the latest in- 
stallations no trouble is experienced from slagging. 

(8) Aah discharge into the atmosphere. From 10 to 30 per cent of the 
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ash content of the fuel may he tlischarged throupih the stack into the 
atmosphej o. The material discharged is very hue and floeculcnt , and the 
greater portion of it remains suspended in the air until ])r('cii)ilated by 
moisture. In the Middletown Plant of the Metropolitan ICdison (.'ompany 
the ash remaining in the lliK' gas is removed by einder-vano induced-dra.ft 
fans, while in the Trenton (/haniiel Plant ot the Detroit Edison (Vmipany 
it is precipitated electrostati(‘ally. 

(9) Overload rapne////. boilers ecpiippial with iK)wd('red fuel furnaces 
have not yet n'ached the extreiiK* overload (*a])aeity of underh'ed stoker- 
fired installations, ])ut that is merely ii (piestion of design and not an 
inherent limitation. 

See paragi’a])h 115 for powd('r(‘d-(‘oal furnaces and f)a.ragra})h 120 for 
a descrij)tion of i)owd(‘i(‘d-coa.l handling .syst,('ms. 

Wide linnqc of Fucli< Posxihir llnnKqh Poh'vrizatioi} . Uoiiilnislion, .Iul\ , p 20. 

Pulrcnzcil Fml,^ in Ptnliol Stotuni Poihr Poonis (V)ni])usl jon, .lub, 1921), p. 20. 

Pitlvci izctJ Fai l H(‘p()rl of I’rinto Movers ( Vmiiniilec*, N.IO L.A , Sept., 1925. 


LKJUID FUK1.S 

20. General. — Any coinlmstible licpiid may b(^ burned efficiently in a 
properly d(\signed furnace. Licpiid finTs offer many advantages over 
solid finals from tin' o])erating standpoint, as will he shown later, but, 
with the exc(‘j)tion of min(‘ral oils, th(\v a,rc usually too (‘ostly for steam , 
gemeration in stahionaiw ]dants. \(‘g(‘tabh' and animal oils, and even 
alcohol, have Ixmmi bui iUMl conniK'rciaJly in poiv(M‘ i)la.nt fiirnac(‘S, but OTily 
under unusual conditions. Aliiu'ral oil, or ])(‘t rohaim, iurnisln's by far 
the greater pait of the li(iui(l fu(‘I us(‘d for j)ow(‘r a-nd luait generation. 
Ap])roxiinately 50 p('r c(‘Tit oi the annual ])roduction oi mineral oil is 
available as fuel, but inii)rovcd i)roc(‘Sses of “ crackiiig ’’ a.r(‘ r(\sulting in 
larger yields of gasoline and th(‘ lighten' distillates, so that the j)ercentage 
of residue oi' fiad oil is b(‘coniing l(*ss as th(' art- of (;racking progresses. 
Oil has been ri'cognized for ycnirs as tin* paramount fu(‘l of marme servi(;e, 
and particularly of navy recpiiremcnits, and so vital has its use become in 
this direction that it plays an important part in th(‘ policies of nations, 
and is a matter of international concern. Of course, then' is always a 
•possibility that new fiehls may be opened up, or that, oil may be econom- 
ically produced fj'om oil-shale lignite, or coal, or from industrial by-prod- 
ucts; but it is doubtful if the ultimab' f|uantity will evc'r be great enough, 
or cheap enough, to compede seriously with coal for stationary plants 
within coal-producing zones. Oil will bf‘ used whine it is the most com- 
mercially efficient sourci' of heat and power, becausi' ol absence or inade- 
quate supply of cheaper fuels, and where the' use of oil as fuel represents 
* an economical means of disposing of excess accumulations of crude oil, 
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residue, or distillates. The use of fuel oil for domestic; berating and other 
low-pressure steam generators is rapidly increasing, but the factors to be 
considered in this connection differ widedy from those affecting the large 
power house. 



Pk;. 11a Oil-fiold Groups of (ho Thulocl Slates. 


27. Source of Oil-fuel Supply. — Most of the oil fuc^l consuiiied in the 
United States is a by-product of the manufacture' ol gasoline from crude 
oil, though some of the Iowct grades of crude* oil aj’c burnc'd as mined, 
with only a small amount of topping/’ The greater part of the supply 



Fig. 12. Estimated Production of Fuel Oil During in the United States. 


is of domestic production, notwithstanding the large cpiantity imported 
from Mexico. A lough indication of local availability of oil fuels to con- 
sumers is found in the monthly reports of the U. B. Bureau of Mines, in- 
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eluding stocks on hand at refineries. Many centers of distribution, 
however, are remote from refineries. Tai* and tar-oil obtained as a by- 
product from gas works, petroleum distilleries, and coke ovens, are ex- 
cellent fuels and may be biu’ned in much the same manner as fuel oils. 
Because of the valuable “ coal-1 ar ” products obtainai)le from the crude 
tar, it is (piestionabU‘ if the cost will b(‘ low enough to permit its use as a 
boiler fuel, except possibly in the immediate vicinity of the producing 
plants. 

Pbyslcal and Chenilral Properties of Oil Fuels. — Petroleum, or 
crude oil, as pumped from tlK‘ w(dls, t‘onsists i)rincipally of carbon and 
hydrogen, togethc'r with small amounl-s of oxygen, sulphur, nitrogen, 
water in emulsion, and silt. Th(‘ oxygen and nitrogen may be classified 
with the moistuie and sjlt as inert, impurities. The sulphur, though 
combustible, has a low calorific value and is otherwise' undesirable. It is 
common practice to divide' crud(' oils into three general groups, as (1) 
paraffin-base, (2) intennediat('-bas(‘ a,nd (3) asphalt-base. This classi- 
fication is one that is not always applied accurate'ly, nor are authorities 
agreed as to what ])i*o]ierti('s are characteristic of the several groups. 
E. W. Dean, Pe'trole'um (’hemi.st, of the XJ. S. Bureau of Mines, believes 
that the detc'rinining factor which should be' aejce'pted is the relative con- 
tent of hydroc.arbons e)r two distinct che'inical serie's. On this basis it may 
be stated that j)arafrin-bas(' (‘iiide's are those containing relatively high 
percentage's of ali})haXie*, hydrex'.arbons (the aliphatic serie's includes the 
so-calleel paraffins) and low })e'rce'nt age's e)f cyclic hydroetarbons (the 
naphthenes are' cyclic hyelre)e*arbons). Na[)hthe'ne-base e*rudes contain 
relatively high pe'rcentage*s e)f e'yelie* and le)w pe'rce'ntages of aliphatic 
hydrocarbons. Tnterniediate'-base e*ruele's are', as the*< name indicates, 
intermediate in prope'rtie's be'twe'cn the twe) e'xtremc classes. 

The most clearly defined piope'rty that serves to eliffere'ntiate the classes 
is that of gravity. Pajaflin-base pre)due*-ts of a giveui be)iling range have 
low specific gravitie's (high Bauine' gravities), whereas naphthene-base 
distillates of the same volatility have high specific gravities or low Baum6 
gravities. The property of viscosity also serves as a distinguishing 
^quality, as paraffin-baiAf' oils have lower viscosities than naphthene-base 
products of the same volatility. This is in line with the generally recog- 
nized fact that naphthene-base oils have lower flash points than paraffin- 
base oils of the same viscosit 3 ^ From Table 6, it will be seen that the 
ultimate chemical constituents of the vai ious grades and classes of mineral 
oils vary but slightly, while the physical properties vary widely. For 
example, the crude oils analyzed in the Table differ greatly in volatility, 
specific gravity, and viscosity, but have approximately the same percent- 
ages of carbon and hydrogen. 
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TABLE 0 

PHYSICAli AND CHEMICAL I'llOl'EllTIISS OF TYPICM; OIL FUELS 


ArraiiKed Arr-orilinR lo Hauinr* Ciravilv 




Physiciil ]*n»pert 



Oioniical Proper! lo.s 


Kind of Fuel 

f Jrjiviiy 

r'liiHii 

Vi.sco.sitv 






Rbuiih' 
at 60 
Dog. 

I'nlir. 

SpiU'lflt 
6 (1/ (lO 

Deg 
I'ahi 
( >pon 

C’u|) 

Sa\ boll 
SocotkF 
at, 70 I )og 
Full I 

c: 

11 

O-f X 

s 

B.t u. 
per Lb. 

Crude oils 

Western field . . 

14 :\7 

0 070 

102 

3S7 

S5 04 

11 ;i7 

0 S4 

1 00 

18,478 

Do 

i() ;u 

0 057 

172 

» ;{K0 

SO 5S 

11.01 

0 74 

0 S2 

18,613 

Do 

17 52 

0 050 

230 

250 

S() 37 

11 .30 

1 11 

0 00 

IS, 727 

Mid-eontiiient. 

20 00 

0 033 

273 

220 

SO 410 

11 21 

2 Of) 

0 07 

19,440 

Do 

22.17 

0 020 

ISO 

lOS 

<S4 00 

10 00 

2.S7 

1 .03 

19,000 

Do 

24 00 

0 000 

204 

ISS 

S7 03 

11 

0 10 

0 41 

10,050 

Eastern ... . 

ill 70 

O.cSOO 

102 

105 

80 40 

12 ;i7 

1 02 

0 13 

10,S90 

Do ... 

40 10 

0 S23 

7S 

112 

S2 00 

n so 

3 20 

0.10 

20,300 

Fuel oils 

Mexican . . 

10 00 

1 000 

Clo'^eil 
( 5i|> 

374 

:122* 

SS 05 

7 58 

1 .00 

3 28 

17,500 

Do . . . 

11 S2 

0 0S7 

310 

300* 

SO 00 

0 30 


3 10 

18,050 

Do . . . 

14 20 

0 071 

20S 

02t 

S5 20 

10 31 


3.04 

IS, 200 

Mid-continent 

10 00 

0 055 

100 

7 It 

S3 22 

10 10 

3 74 

2 S3 

1S,427 

Western 

IS 00 

0 040 

ISO 

750t 

SO 11 

11.81 

1 20 

0.07 

18,790 

Mid-continent 

22 10 

0 020 

ISl 

3S0t 

S,3 2() 

12 41 

3 S3 

0 50 

10,430 

Do 

24 35 

0 007 

170 

350t 

S5 10 

13 07 

1 12 

0 15 

19,235 

19,312 

Do 

2S 20 

0 ScS4 

175 

200t 

SI 00 

13 70 

1 40 

0 37 

Do 

32 00 

0 SOI 

100 

7Gt 

S4 S2 

13 00 

2 05 

0 30 

19,511 

Do 

35 70 

0 S4,^ 

154 

42t 

S4 30 

13 21 

1 00 

0 32 

19,027 

Gas oil . 

10 10 

0 05S 

105 

ost 

SO 10 

0 05 

3 00 

0 30 

16,960 

Oil tar . . 


1 150 

4S5 

41St 

02 00 

0 13 

0 22 

0 33 

17,300 

Coal tar 


1 250 

5:io 

400t 

SO 20 

4 05 

5 27 

0.50 

15,800 

Kerosene, 150 deg. 

47,00 

0 701 

no 


S5 10 

14 33 

0 51 


19,922 


At 25(1 (leK falu. I At 220 dcR. fain J At KKI deg. fiihr 


Very little crude is burned jis mined. Tht' fuel oils in the 

Middle West are those which are classified according to their Baume 
gravity as 24/26, 26/28, 28/30 and 30/32. The Mexican fuel oils on 
the Gulf and Atlantic Coast arc practically all 10/12 and 14/16 gravity. 
The ultimate analyses (per cent by weight) of these oils are substantially 
as follows: • 



28/36 Ihiurnr- 

22/28 Baura^ 

14/22 Baum 6 

10/12 Baum 6 

Carbon . . 

84.0 

85.0 

86 0 

87.0 

Hydrogen . . . 

13 0 

12.0 

11.0 

9.5 

Sulphur ... 

0 3 

0 5 

0 8* 

1.1* 

Nitrogen. . . 

0 2 

0.2 

0.2 

0.2 

Oxygen 

1.0 

1.0 

1.0 

1.0 

Water. ... 

0 2 

0.5 

1 0 

1 2 


* The sulphur content of some fuel oils, notably those from Mexico, is as high as 4 per cent. 
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The “ Flash,” “ Fire,” and viscositu's are approximately as follows: 


Gravity 

Flash 

Fue 

Visfoaity, Sat bolt Sec- 
onds at 100 JVg. Falir. 

B.t.u. 
jMjr Ijb. 

10/12 

400 

130 

320-^ 

18.000 

14/16 

300 

325 

UK)* 

18,430 

24/26 

185 

220 

350 

19,290 

26/28 

170 

205 

305 

19,330 

28/30 

\i\5 

190 

215 

19,410 

32/36 

155 

175 

41 

19,610 


* 2r)(l (lofr. fiilir 


TAI^LE 7 

RELATION llETWEEN IIAUME GRAVITY AND fv’EHlHT PER RARREL AND PER (lALLON 


DoKrocH 

iRiutiK* 


10 

11 

12 

13 

14 

15 
10 
17 
IS 

19 

20 
21 
22 

23 

24 


SfJtK!l Ilf 
C i ra VI I 
()()7(.0“ 


1 0000 
0 9929 
0 9S59 
0 9790 
0 9732 
0 9055 
0 9589 
0 9524 
0 9159 
0 9390 
0 9333 
0 9272 
0 9211 
0 9150 
0 9091 


WtMfjiht* 

per 

Haiipl 


350 0 
347 5 
315 1 
342 7 
340 3 
337 9 
335 0 
333 4 
331 1 
328,9 
320 7 
324 5 
322 4 
320 3 
318 2 


por 

( (illloil 


8 33 
S 27 
8 21 
S 10 
8 10 
S 04 
7 99 
7 93 
7 88 
7 83 
7 78 
7 72 
7 ()7 
7 02 
7 57 


1 een 
JlauTn<'“ 


25 

20 

27 

28 

29 

30 

31 

32 

33 

34 

35 
3() 

37 

38 

39 


Spw’ilif 
(llJlVll V 
60 761)'’ 


0 9032 
0 8974 
0 8917 
0 8801 
0 8805 
0 8750 
0 8090 
0 8012 
0 8589 
0 8537 
0 8485 
0 8434 
0 8383 
0 8333 
0 8284 


VVeiKliL, 

per 

Hairol 


310.1 
314 1 
312 1 
310 1 

308.2 

300.2 
304 3 
302 5 
3(K) 0 

298.8 
297 0 
295 2 
293 4 
291 0 

289.9 


Poumlrt, 

per 

(iallon 


7 52 
7.47 
7.42 
7 38 
7 33 
7 29 
7 24 
7.20 
7 15 
7 11 
7 07 
7 02 
0 98 
0 94 
0.90 


TABLE 8 

COMPARATIVE HE.VT VALUES OF SOLID FUELS AND FUEL OIL 


IjI) of Solid Fviol Tapial One Uarrol 
of Oil 


Darrel of Oil ICquiil to 1 Ton (2000 Lb.) 
of Solid Fuel 


Float Value of 
Solid F ucl 
B.t.u. per Lb. 


6000 

7000 

8000 

9000 

10000 

11000 

12000 

13000 

14000 

15000 


D.t u. per 
IS.SOIP 


1048 

900 

787 

700 

629 

572 

524 

484 

448 

419 


R 1 u per Td>. 


984 

843 

738 

656 

590 

536 

492 

454 

421 

393 


H.l u per Lb. 
iH.riOO* 


1 .91 
2.23 

2 54 
2.86 

3 IS 
3 50 

3 82 

4 13 
4 45 
4 77 


B t u per Lb. 
19.5001 


2.07 

2 37 
2.71 

3 05 
3.38 
3 73 
4.14 
4.41 
4.75 

5.08 


About 16 deg. Baunif^. 


t About 32 Jog. flaumr'. 
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Fuel oil is usually measured in terms of barrels of 42 at a standard 
temperature of 60 deg. fahr. One barn'l of oil weighs from 310 to 350 lb., 
according to the specific gravity. Compared with coal, oil occupies 
about 50 per cent less space and is aj^proximately 35 i)er c('nt less in weight 
for equal heat value. For rough estimation, the (loefficicmt of expansion 
of fuel oil may be taken as 1/10 for (‘very 40 deg. fahi‘. l^\)r exact values, 
see Density and Thermal Expansion of American Petroleum Oils, Circular 
No. 57, and Technologic PajK'r No. 77, U. S. Bureau of Standards. 

Present Status of Oil Fuel: Comlwistion, Jan., 102.3, p. 32. 

Maniuil for Oil and Gas Operation: Bill. 232, 1023 Bin-eau of Mines. 

29. Calorific Power of Oil FucIjil — The i,ru(‘ heating value of liquid 
fuels can be found (jnly by direct calorimeter measurements. For rough 
approximations, Dulong’s formula may be used* but this recpiires a knowl- 
edge of the ultimate constituents of the fuel. Emi)irical rules based on 
specific gravity appear to give fairly consistent results, ])ut no one rule is 
applicable to all liquid fuels. For ('alifornia anhydrous ciude oils, Prof. 
J. N. Le Conte gives the following; 

B.t.u. per lb. = 17,080 + 00 B (5) 

in which B = d(3grecs Bamn6 at 00 deg. fahr. 

Another rule given by Sherman and Kropff, purporting to be applicable 
within an error of 2 per cent to all licpiid petroh'um products, is: 

B.t.u. peril). = 18,050 + 40 (B - 10) (6) 

Other things being equal, oils ri(;h in hydrogem hav(‘ a higlic'r calorific 
value per pound than thos(‘. rich in carbon, but a lower value p('r gallon. A 
barrel of heavy crude* oil will, therefore, have a highci* heat value than a 
barrel of lighter oil. For general comparisons, the heat values of coal 
and fuel oil are substantially as indicated in Table 8. 

For standard methods of testing oil, see Chapter XVII. 

'30. Advantages and Disadvantages of Liquid Fuels for Steam Genera- 
tion. — Since mineral fuel oil constitutes the greater part of the fuel 
burned in boiler furnaces, the following statements refer specifically to* 
this class of fuel : 

(1) Pound for pound, the heat value of oil is approximately 35 per cent 
higher than that of high-grade coal. 

(2) For equal heat values, the space required for the storage of oil is 
about 50 per cent less than that for coal. 

(3) The burning of oil causes no dust or ash; there is no cleaning of 
fires. 
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(4) There is no loss in heat value due to deterioration while in storage. 

(5) Stack losses are low, because' the air exce'ss required for complete 
combustion is reduced to a minimum. 

(6) Thc're is great (*r adaptability to variation in load; automatic 
regulation of tire's is readily elfocted. 

(7) Stanelby le)sse‘s are rediu'eel to a minimum. 

(8) Boiler room labe)r is le'ss than with ce)al firing, owing to elimination 
of ce)al- and ash-haiidling. 

(9) High e!e)inbustie)n e'tlieae'ncy may be attained. 

Some of the disadvanlage's are as fe)lle)ws: 

(а) lnsurane:e liabilit}^ is usually highe'r than with solid fiieds. Civic 
and insurance re'epiire'ine'nts may impose burdemsome en* pre^hibitive re- 
strie^tie)iis on tlie^ le)eati()n and arrange*ment e)f the ste)rage tanks, etc. 

(б) Mainte'iiance' e'-ost of rurnace re'fracte)ries is high, unle\ss furnace is 
spe'cially elesigne'd for oil burning. 

(c) The ele'gre'e of supe'rheat is le'ss with e)il than with coal, for a given 
equipiiK'tit anel load. 

{(i) There is an eleiiK'iit, e)f imce'rtainty as te) the eledivery of largo quan- 
titieis, and c'xtre'ine llue'tuatiem in ce)st. 

(e) Nearly all fuel oil burners e)f the steam atomizing ty])e‘ j)roducc an 
objectional)le roaring sounel. 

The real eu’iterion in the sek'ction of fu(‘l is the ultimate cost of pro- 
ducing emergy ui the r(‘(|uired form; and sinc.e this de])eiids on countle^ss 
factors which vary with ('ach proposc'd installation, ge'm'ral deductions 
are without purpose'. 

Furnac(^s and Eeiuipment for Burning Lkpiid I'^uels: See paragraphs 116, 
117, and 127. 

Practical Vaea of Fuel (hi: Combustion, Fel>., 1023, p. 94. 

Coal Tar an a Source of Fuel: Cas Age-Record, July 2H, 1023. 

31 . Colloidal Fuels. — Colloidal fuel is a ]iame given to an emulsion 
of powdered solid fuc'l and oil, which was developeai in this country by the 
Submarine Defenses Association to meet war conditions. A so-called 
•fixateur is used to stabifize the elements of the mixture into a homogeneous 
product. M(jst oils in their natural stat(' may be mixed with pulverized 
anthra(;itti, lignite, peat, coke, or wood, to produce smokeless colloidal 
fuel. It is possible to produce a stable liquid containing 40 per cent of 
the powdered product. The colloidal fuel is fired with the same equip- 
ment as fuel oil, and with approximately the same overall efficiency. The 
heat value of the composite fuel is naturally dependent upon the heat value 
and weight of the constituent fuels. The heat value per unit volume is 
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greater than that of straight oil, unless the powdered component has a 
very low heat value and specific gravity. For exami)le, in a composite 
made up of 35 per c.ent l)y weight of powdered anthracite (14,000 B.t.u. 
per lb., sp. gr. I.O) and (io i)er cent of oil (18,200 B.t.u. ])('r lb. sp. gr. 0.%) 
the calorific value will be 1 (>5,000 JLt.ii. per gallon against 14(),000 B.t.u. 
for the oil. The use of colloidal fiK'ls will (‘ffect a large saving in oil. 
should conditions aris(‘ which \voul(l make this a commercially economical 
procedure. Owing <,o its Stilid fu(‘l cont(u>t, colloidal fu(^l is heavier than 
water and may, th(M'(‘for(‘, b(‘ stored und('r a water seal. At this date 
very little has been done with colloidal fiuds in connection with stati(\nary 
steam j)lants. 

Tests of VolLoidal Fuel I^ewcr, Aj)ril*21l, 1919, f) 602. 

Plastic Fuel or 'Woialgam" ■ Power, Doc 27, 1921^1). 1()'32. 

GASEOUS EUE1.S 

32. General. — Gaseous finds, on account, of their simple molecular 
structure, caii be buriK'd ri'adily and without smoke in any commercial 
apparatus from a boiU'r furnace to a gas engin(\ Such fuels are in the 
ideal form for perfect combustion, and permit of simpk^ automatic control. 
They havi* all the advantages of liipiid and solid finis, with noin^ of the 
disadvaTitages, save* that (h(\v are not sufficiimtly concentrated for inm- 
veniont storage*. Ihifortunaiely, gaseous finis are* preihibitive in cost 
for steam gemeratiem, e*xce'pt whem the ])lant is favorably locateel with 
respect te) natural gas wcils eir when the gase‘ous fuei is a by-pioeluct from 
some inelustrial iiroce'ss. Bee‘aiise' e)f the heat leisses in ceinversiem freim 
soliel or liquiel tei gasenms form, anel because e)f the i>lant investment that 
is nece'ssary, tinned is no e'coneimy in manufactining gas soleiy for steam 
generation. The' most commonly used gase'ous fuels for ste*am gemeration 
are natural gas, blast-furnace gas, and by-product coke-ove'U gas. 

Gas-fired Boilers. C Combustion, l^'cb., 1924, p. 110. 

33. Natural Gas. — The demanel for natural gas feir purposes other 
than steam gemeration is ste'adily increasing, so that ewen in t,he immedi- 
ate vicinity of the wells the e'eist is fre'quently highe'r than that of other 
classes of fue'l. Natural gas is conqmsed primarily of carbon anel hydro- 
gen in varying proportions, with small eiuaiitities of nitrogen, oxygen, 
and occasionally sulphur. The gaseous constituents, lTn( 'm, vary within 
a wide range, anel it is practically impossible to give an average analysis 
which means anything. For example', some gases are^ practically all 
methane, CH 4 , while others are extremel}^ high in G 2 H 6 or C 2 H 2 . Prac- 
tically all natural gases con.tain some CO, and a nmnbcr of them contain 
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CO 2 . The heat value ranges from 720 to 1700 B.t.u. per standard vu. ft, 
with an average of about 1100. 

Composition of Natural (fas: Tocli Paper No. 109, lOlf), Piiroau of Mines. 
Aiialysis of Natural Ga.^: Teeh. Vapor No. 104, 1015, Bureiui of Mines. 

Liquefied Products from Natural (iaa: Teeli. Paper No. 10, 1912, Hiireiiu of Mines. 


34. Blast-furnace Gas. — As tlie name implies, blast-furnace gas is a 
by-product from the lilast furnace of the iron industiy. Coke furnishes 
about 90 ])er cent of the find used in this connection, and its consumption 
])er ton of })ig iion vari(\s from 1(>00 to 3000 lb., with an average of 2000. 
The weight of gas pioduced pin* ton of pig iron varices according to the 
weight of coke, gaseous constituents of thi^ llu\ and cok(', wcaght of oxygen 
combined with the material chai‘g(al, and tin* w(‘ight of air didivenal by the 
blowing engine. For rough apiu'oximations, it. is satisfactory to allow 
70 (‘u. ft. of gas per lb. of coke. Tin' heat valu(' of th(‘ gas varic's from 85 
to 110 B.t.u. i)(‘r cii. ft. under standard conditions and ranges in com- 
position approximatedy as given in Table 9. Blast-furnace gas, as it 
k'aves the furnace', is very dirty, each cu. ft. containing a,s much as 227 
grains of dust in suspe'nsion. The dust c.ontent is redinnd by suitable 
nn'ans befori' it is f('d to the* furnae*.e. 

Burning Blasf-f uruore Gas Undei Boilers Powtm’, Dco. 1921, p. 930. 

Combustibility of Blast-furnace Gas, 'PIk^ Blast Puriiiicc and Steel Pljint-, Aug., 1922. 


TAIOJ'] 9 


THoriOUTTKS <)!■’ <iA.snS 


Givh 



of ( J;iH - 

I’cr cciii l)v Volume 


e.’alririfjc Valuo 
H.i u i^er 
Sliiiidurrl 

Cu. KL* 

e^o. 

CO 

ir. 

CII4 

('^\U 


Ni 

(h 

lllKh 

Low 

Bhust-funuiee 

11 A 

2S.0 

2.7 

0 2 



57 1 


102 

100 

do 

H) 9 

27 S 

2 8 

0.2 



5S 3 


96 

94 

Coke-oven 

2 :> 

().0 

42 

34 3 

2.0 

2.0a 

10.1 

i.i 

605 

546 

do 

o.s 

4.9 

54 2 

28 4 

. . 


10.1 

1.6 

479 

426 

Illumiiuiting; 











ComI 

1 2 

6.2 

43 9 

37 8 

5.9 

4.2a 

3.5 

0.5 

618 

558 

Water . 

4 4 

44.8 

45.6 

4 4 

0 1 


0.1 

0.5 

336 

311 

Wat.ei (;ur- 











- burcted 

2 1 

24.1 

32.4 

23 4 

12.5 


3.7 

0.5 

638 

596 

Natural 

(i.rj 



84 3 

8.0 


1.2 


987 

900 

• do 

0.3 

0.6 

1.2 

93 6 

0.2 


3.4 

6^6 

940 

860 

do ... . 

0 2 

0.5 

1 9 

92 8 

0 2 


3.8 

0:4 

992 

000 

do .. 

0 4 


35.9 

4t) ti 

12.3 

04)6 


0.8 

836 

750 

do 

0 0 



32 3 


67.05 

0.7 


1420 

1350 

Oil 

0.9 


243 

58.3 

1^4 1 




940 

758 

do 


6^2 

4 8 

5 : 1.7 

41.2 


6.1 


1220 

1125 

Producer: 











Anthracite . . , 

5 3 

26.1 

15.0 

0 2 



53 2 

0.2 

135 

127 

Bituminous . . 

3.4 

25 3 

9 2 

3 1 

0^8 


58 2 


155 

146 

Lignite 

10 6 

14.1 

13.8 

2 6 

0 4 


58 2 

6!3 

110 

101 

Peat 

12.1 

27.2 

0 9 

3.1 

0.1 


56. 7 


122 

118 


* 68 dfig. fahr.: 14.7 lb. per 8(i. lu. a. CaHi. b. C 2 H 6 . 
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35. By-product Coke-oven Gas. — This gas is a by-product in the 
manufacture of coke by the destructive distillation of coal. Instead of 
burning the gaseous distillate at its point of origin, as in a beehive or re- 
tort coke oven, it is conducted through suitabk' apparatus and cookid, 
yielding tar, ainnionia, illuminating and fu(d gas. A certain portion of 
the gas is burned in tla^ oven, and tlui reinaind(M* is available for fuel 
or illuminating purpose's. By-product gas is ordinaiily saturated with 
moisture and carries a large piojmrtion of tar and hydrocarbon. The 
heat value of th(' gas varies from 400 to T^fjO B.t.u. per standaud cu. ft. 
and varies in composition ai)proxiniat('ly as given in Table 9. 

36. Calorific Power of Gases. — The heating value of a combustible 
gas may be ac.curate'ly determine*! by Jiieans of a ‘‘ flow calorimeter, 
such as the Junker and Bovc(‘. The' hc'ating^value thus obtaiiu'd is the 
higher or absolute*- value and the only one to be used in connection with 
steam boiler practice*. The heating value may be (‘alculated, with sufTi- 
cient ac(;uracy for all commercial purposes, b^^ assuming each (onstituent 
gas to be free and uninfluenced by the others; thus, if a gas is composed 
of 80 per cent by voliiuK* of (Tl 4 and 20 i)er cent (M), the heating value 
per cu. ft. of the mixtun* will be 0.8 of the heat value of CUa, B.t.u. per cu. 
ft., + 0.2 of the heat value of (X), B.t.u. per cu. ft. This method, of 
course, requin's a knowledge* of the charact(*r, amount, and heating value 
of the gaseous constituents. The* standard cu. ft. (A.S.M.B. (.-ode) is 
taken at 08 deg. fahr. and 29.92 in. of mercury (14.7 lb. per s(p in.). An- 
other standard fre(|uently ftsed by gas manufactiu t'rs is based on a tem- 
perature of 02 deg. fahr. The conversion from a volume to a weight 
basis (and vice pcr,sn) at any pressure and temperature* is readily made by 
means of ecpiation (8). 

Example 6. — C -alculate the heat value of by-inoduct coke-oven gas 
having the following analysis by volume : 

Per ( k*nt by Volume. 

CX32 0.8; O 2 I.O; (T)4.9; CTl4 28.4; H 2 M.2; N 2 IO.I. 

Solution. — The (J() 2 , (>2 and No have no heating value; hence, they 
need not be considered. The heating valuer of yach gas may be taken 
from Table 11. 


Constituent 

Cu F(. 

H.l u. per Stiiiidiird 
Cu Ft of (roiistit uont 

Calculation 

CO 

0 040 

31 S 

0 040 X 31 S 

16.0 


CH4 

0 2S4 

002 

().2S4 X 002 

282 0 


II 2 

0 r>42 

325 

0 542 X 325 

176 0 



Total B.t.u. per cu. ft. 474.0 
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37. Town Refuse and Garbage. — The ooniposition of unsorted refuse 
from different cities varies within wide limits, but in a general sense is ap- 
proximately one-third earii of combustible niatt(‘r, ash, and water, and 
the heat value of the (‘()ml)nstible is roughly one sevc'iith that of coal. 
From a fuel standpoint , th(' h('at value is too low to comp(uisate for the 
capital outlay on the destructor plant; but. as refuse destruction by 
burning is fundaiiKuitally a sanitary measuie, it may prove economical 
to utilize part of the h('at. of combustion as a by-product for power gen- 
eration. • A d(\sci‘iption of the various destructors used in this connection 
is beyond the scope' of this work, and the rc'ader is reh'rred to the ac- 
companying r(‘f('r('nc(‘s for further study. 

(tarhage and Refuse Disposal Data- Municipal JoiiriiMl, Vol. 2(5, 1018, p. 318; Mu- 
nicipal EnRineorinK, Scjit., 1910 j). 107; luip,r. Now.s Record, October 17, 1018, p. 715; 
Trans. A.S.M.E., Vol. 30, 1017, p. 080, 770; .loiiniMl Western Society Engineers, Vol. 
22, 1917, p. 023. 


PROBLEMS 

1 . The following analyses were obtained from samples of Illinois coal “as received." 


Proximate AtuiI\ sim 

Intimate Analysifl 


I'ei Coni 


Per C-eiit 


Per Cent 

Moisture . 

s to 

Hydrogim 

5.1 

Oxygen 

15.2 

Volatile matter. . 

32 50 

C'arbon 

ixJ 5 

Sulphur 

3.5 

Fixed carbon 

40 SO 

Nitrogen 

1.1 

Ash 

12.6 

Ash 

12 00 






100 00 



Tot al ... 

100.00 


a. Transfer these analyses to the “inoLsture-free'’ and “moisture and ash free" basis. 

b. Transfer the ultimaUi analysis to the “moisture, ash, and sulphur free" basis. 

c. Determine the. frc‘e hydrogen, combined moisture, and total moisture. 

d. Calculate the ultimate aiialy.si.s “as reeiMved’’ from the ultimate analysis. 

2. If the moisture, sul])hiir, and ash content of an Illinois coal “as fired," are 12.6, 
3.5 and 8.1 per cent, respectively, estimate the ultimate analysis by Evans’ method 
(see Example 4). 

, 3. Calculate the heat valu(‘ of the coal “as fired,” “moisture free,” and “moisture 

and ash free,” analyses as in Example 1. 

4. Compare the following fuels on a “ B.t.u. for one cent ” basis: Wood — 34.00 per 
cord, assuming 05 \n)r cent interstitial space, 40 lb. per cu. ft. and fiOOO B.t.u. per lb.; 
anthracite — 30 00 per ton of 2000 Jb., 12,500 B.t u per lb.; pocahontas — 37.50 per 
ton, 14,000 B.t.u. per lb.; bituminous nut — 35.50 per ton, 13,000 B.t.u. per lb.; bitu- 
minous slack — 34.00 p(‘r ton, 10,000 B.t.u. per lb.; gas — 80 cents per 1000 cu. ft., 600 
B.t.u. per cu. ft.; 20 degree Bauine fuel oil — 32.00 per bbl., 19,-300 B.t.u. per lb. 
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COMBUSTION OF FUELS 

38. Elementary Theory. — So far as th(^ oiiKiiu^er or fireman is concerned, 
the theory embo(li(ul in the combustion of fuels is very elementary 
and involves th(' simi)lest of math(muitics; but it should b(‘ pointed out 
that a compl(d(^ analysis of tlu‘ complicated phenomena involved in p;as 
reactions requires a knowledji;(' of chemic.al equilibrium and kindred sub- 
jects that li('s beyond the scope' ofVhis book. 

To the chemist, combustion is the jdienomenon n'sultinfz; from any 
chemical combination (‘volvinj* heat. To tlu' (‘n^inee'j*, it nu'ans the 
chemical union of the' combustible of a, find and tlu' oxy^>;en of the air at 
such a rate as to cause' ra])iel inciease e)f te'mpe'niture. Such e;e)mbi nations 
always e)ccur in accoidane'e' with fixc'el and immutable laws, both as re- 
garels weight relationship and ve)lunie' ediange's. The' uniem liberatexs a 
definite- quantity of he'at., elire'ctly pre)j)e)rtional to the' mass e)f material 
taking part in the* re'actiem, and inele'pe'nele'iit e)f the* time oe'enipieel. The 
heat thus generate'd wlu'n a unit we'ight e)f substance* is completely burned 
is called the heating value, or calorific power, e)f that substance. Befe)re 
chemical union e*an take })lae‘e', the* coml)ining e'lenients must first be 
brought to the ignition temperature or kindling point of the combustible. 
The temperature necessaiy to cause* this union of oxygen and combus- 
tible* has b('('n fairly well e'stablishe'd for simple* combustible* gases, but 
there is no elefinit/C temperature at which comple*x fuels, such as coal and 
allied substances, bmst into flame. Experinu'nts show that coal liberates 
heat of combustion at all temperatures. The ]K)int at which the coal 
assumes a uniform glow has be'cn take'n as the* me:)st logical ignition te'm- 
peratnre.^ The ignition temperature* of a number of gases and the glow 
pmint of several soliel fuels are given in Table* 10. These values are ap- 
proximate only, since the te'inperature may vary with the re'lative amount 
of surface of the substance*, pressure* of the air, aijd the pre'sence of other 
substances that aid leactions, but th(*y se*rve for the purpose at hand. 
Matter is never destre)yed; hene*e, all of the elemients e-eanposing a fuel 
and its air requirements will be found in the products of combustion after 
the fuel has been burneel,” but, barring ce'rtain inert e'lenients, they wall 
be in different combinations with each other. The relictions taking place 
during combustion are gcne'rally express(*d by simple* molecular equations 

1 The Ignition Temperature of Coal, Bui. No. 128, Apr. 10, 1922, Univ. of 111. Engi- 
neering Exp. Station. 
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in which the elements are clesijiiiuited hy symbols, the relative volumes of 
the p;aseous constituents by numerical coefficients, and the number of 
times the atomics weight occurs l)y subscripts. The symbols, relative 
atomic and molecular or combining weights, and the chemical reactions 
for the elements and (^omi)ounds generally encountered in combustion 
work are given in Table IL 

Flame Temperatures^ hy Prof. W ^IViiiks, Power, June, 1923. 

Combustion Phenomena, by E Kicft, (\)mliustion, Nov., 1923, p. 390. 


TABLE 10 

TCNTTrOV TEMI'CU VTl’Ui:, DLO. KVlOt. 


Aeel vlene 

900 

Elhvlene, CTl 

1020 

* AntJiru(;jt(‘ C'oal 

1112 

IlNcirof^t'ii 

1130 

* Bituminous C'o:il 

SoO 

^ Lip;nih‘ 

979 

* Coke . . 

1123 

Midhane (T1 

1200 

Carbon Monoxide 

1200 

* S(‘mi-Bit . C^)al . 

9S0 

Ethane CTl . 

1000 

SuIpJini 

470 


* (Slow pollM . 


TABLE II 


DATA IIKLATIVE TO ELEMENTS MOST ('OMMONLV MET WITH IN (’(►NNEI’ITON 
\\ I'PH COMIJI STION OE KEELS 


SuliHlunre 

Chenii- 

cal 

Sv in- 
bol 

|{eliili\e 

C'oiiihining 

W('ighl 

1 (< - '{2) 

Clioniiwil Itcaclion 

lloiding Value 

0 t u. per Lb 

lOviicf 

.\pim).v 1 

1 lighei 

Low er 

Acetylene . . 

C 2 II 2 

20 03 

20 

50, 

- KXbT - 2 11.20 

2 pool) 

21,(XMJ 

Carbon ti) COj . . 

c 

12 003 

12 

c \ (h 

- (X),. 

J4,0(X) 

14,(i(H) 

Carbon to CO 

c 

12 005 

12 

2 <' ^ Oi 

- 2(X) 

4,440 

4,440 

Carbon monoxide 

(X) 

2S 01 

2S 

2(X) f O 2 

- 2 CO 2 

4,354 

4,354 

Ethane 

eXHr, 

30 05 

30 

2 (\.fL-f 7 0 ., 

- 4CX)2 T OILO 

22,230 

2(),5(X) 

Ethylene. 

C.Hi 

2 N 03 

2S 

('•Wl. + .iO, 

- 2(X)2 T 2 H 2 O 

21 Xi(K) 

20,420 

Hytirope.n . 

II 2 

2 015 

0 

2IL-hOj 

- 2 ILO 

02,100 

52,920 

Methane 

CUE 

10 03 

10 

cn, + 2 0 .. 

- (X). + 21120 

23.S.W 

21,070 

{Sulphur to SCJ^. 

s 

32 0(» 

32 

ST (L 

- SO. 

1,000 

4,000 

Sulphur to SO 3 . 

s 

32 00 

32 

2ST 3 O 2 

- 2S().i 

.5,940 

5,940 


Cjim 

C’heini- 

ral 

Svin- 

bol 

C'oiiibiiiing 
Weigh 1 0. .12 

UeiiMl y 
and 

Volume* 

\it HiMiuiicil 
foi 

Pei f ( 'mnbiLM | 

Uciiling Value 
per (^u. Ft * 

Lxart 

.Vpprox 

Lb pci 
lOh 

( u Fl 

('ll I'l 
pel 

Lb. 

F.b pei 
I.b oi 
( hiH 

('ll I'i 
pet 

Cij I-'l 
of ( 

Higher 

Lower 

Acetylene . . . 

C 2 II 2 

20 03 

20 

I) 70 

14 79 

13 35 

11 90 

1400 

1420 

Carbon monoxide 

CO 

2S 01 

28 

7 27 

13 75 

2 18 

2 38 

318 

318 

Ethane 

Calk 

30 05 

30 

7.82 

12 78 

10 10 

10 70 

1735 

lOtX) 

Ethylene . 

C^Ht 

28 03 

28 

7 30 

13 70 

14 85 

14 30 

1573 

1491 

Hydro |?en 

T 12 

2 010 

2 

0 52 

192 0 

34 80 

2 38 

325 

278 

Methane . 

CIE 

10 03 

10 

4 10 

24 (X) 

17.32 

9 52 

992 

902 

Air. . 

t 

28 95 

29 

7 52 

13 30 





Carbon dioxide.. 

C()2 

41 00 

11 

11 43 

8 75 





Nitrogen. . . 

N 2 

28 02 

28 

7 28 

13.74 





Oxygen 

( >2 

32 00 

32 

8,31 

12 03 





Sulphur dioxide . 

SO 2 

04 07 

64 

10 05 

0 00 






• 6y deg. fahr. aud utriioiiphenc predsmo. t tiee paiagiapli 44. 1 valent to Oa -1- 3,82 Na. 
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519. Combustion of Carbon. — (Carbon is ih(" principal combustible of 
nearly all fuoAs. The primary product of the oxidation of carbon is a 
complex of carbon and oxy^c'n, which havS a transitory existence. This 
complex decomposes into a mixture of carbon dioxide ((X) 2 ) and carbon 
monoxide (CXJ) in proportions dependent upon the temperatures at which 
decomposition take place. If (Xla is the ultimate product resulting 
from the combustion of pure carbon, combustion is said to be perfect 
if CO is formed it is said to be incomplete,’' be(;aus(' the monoxide is in 
itself combustible and capable of further oxidation; if both CX )2 and free 
(>2 are present combustion is said to ])e complete. \ 

When carbon and oxygen unitt' to form C 02 the reaction is (expressed by: 

c +*02 = C() 2 ' (7) 

The combining weights involved are: (’, 122; Oy, 32; (X) 2 , 44. Intro- 
ducing these, we have 

12 + 32 = 44 

Divided by 12, 

1 + 2 ? = 3 ? 

Thus, 1 lb. of carbon unites with 2| lb. of oxygen to form 3| lb. of carbon 
dioxide. If the (Xla resulting from this combustion is cooked at constant 
pressure to the initial temperature of th(' original mixture of carbon and 
oxygen, the heat liberated will be about 14,()00 B.t.u. per lb. of carbon. 
(Th(*. heat value for carbcxi appears to depend u])on the method of pre- 
paration and ranges according t() various authorities from 14,220 to 
14,647 B.t.u. per lb.) 

The oxygen required for com])Ust.ion is usually taken from the atmos- 
phere. For most engineering purposes, dry atmospheric air may be 
taken as a mechanical mixture of oxygen and nitrogen in the ratio 23 to 
77 by weight, and 21 to 79 by volume. For convenience in calculation, 
these ratios may be expressed as follows: 

Nitrogen = 77/23 X oxygen = 3.34 X oxygon, by weight. 

Air = 100/23 X oxygen = 4.35 X oxygen, by weight. 

Nitrogen = 79/21 X oxygen = 3.76 X oxygen, by volume. 

Air = 100/21 X oxygen = 4.76 X oxygen, by volume. 

Nitrogen is inert under ordinary furnace conditions and passes into the 
products of combustion without change. It simply dilutes the oxygen 
for combustion, and its presence in the flue gases represents a large per- 

» The molecular weight of C is not definitely known. Carlion exists in a number 
of forms, each of which probably has its oami molecular weight. Thus the difficulty of 
burning carbon in the form of soot is attributed to its complex molecular structure. 
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ccntage of the heat disehaigod to waste, ''riu' pri'sc'iieo of nitrogen in tho 
ordinary fiir‘nac(‘, however, is ac^t.iially an adv'anlag(^ h(‘caLis(' it reduces 
the temperature of comi)ustion below the fusing point of the furnace 
refractories. If air inst('ad of pure oxygen is used, the minimum theo- 
retical weight of dry air r('(iuired for the perfect^ combustion of cai’bon to 
CO 2 is therefore 2 2/3 23/100 = 11.58 lb. Th(' weight of nitrogen 

brought in with the air is 2 2/3 X 77/23 - 8.92 lb. per lb. of carbon, 
and the products of comljustion will consist of 3.00 lb. of CO 2 and 8.92 lb. 
of N 2 , a total of 12.58 lb. 

Gascious elemenis, mixtui-es, and compounds are usually measured 
volumetrically. The transfer from a weight to a volume basis is readily 
effected by the following application of ?\vogadro’s law.' . 


in which 


T /// 


( 8 ) 


P = pressure, lb. i)er sep ft. 

V = s])e(!ific volume, eu. ft. p(‘r lb. 

T = absolute temi)erature, deg. fahr. 
m = molecular weight of lh(‘ gas referred to oxygen as 32. 


With 68 deg. fahr. and 14.7 lb. per S(|. in. as the standard (A.S.M.E, 
Code), for temperature and pressure, r(‘S[)ectively, etjuation (8) reduces 
to the convenient, form 

V = 385 “ ni ' (9) 

Thus, under the assum(‘d standard conditions, the volume of one 
pound of 

Oxygx'n - 385 -- 32 = 12.03 cu. ft. 

Nitrog('n = 385 -- 28 - 13.75 eu. ft. 

(X), = 385 44 - 8.75 cu. ft. 


Since air is composed of 23 i)arts by w(‘ight of oxygen and 77 parts of 
nitrogen, its moha-ular weight is 0.23 X 32 + 0.77 X 28 = 28.92, and 
itr specific volume under standard conditions is 385 28.92 = 13.3 cu. 

ft. Strictly spc'aking, a gaseous mixturci cannot have molecular weight, 
but the number 28.92 in connection with air may bo consider(‘d the ap- 
parent molecular weight. 

Referring to the perfect combustion of 1 lb. of carbon with dry air, 
the volumes (at 68 deg. fahr. and atmospheric pressure) involved in the 
reaction are 

^ Equal volumes of all gasc's contain the same number of molecules when at tlie 
same temperature and pre.ssure. 



72 


STEAM POWER PLANT ENGINEERING 


Oxygen = 2.66 X 12.03 = 32.0 cu. ft. 

Nitrogen = 8.92 X 13.75 = 122.5 eii. ft. 

(Xh = 3.66 X 8.75 = 32.0 cii. ft. 

Air = 11.58 X 13.3 = 154.0 eii. ft. 

It will be seen that th(^ volume of is pnrisely the same as that of 
the oxyg(‘n used in the process, and since oxygc'ii forms 21 parts of air by 
vohinu‘, it follows that with jK'rh'ci. combustion the i)j()duc,t,s will consist 
of 21 per cent of OOi» and 79 p(‘r cent of nitrogen. Th(‘ same conclusion 
may be irached in a simpler manner, by noting th(^ fact that numerical 
coefficients in the moU'cailar (‘(juaiions r('])i‘(‘S(‘nt rc'lativ^e volunu's. Con- 
sidering th(‘ co('fhci(‘nts in eijuation (7) w(‘ have; 

1 1 = 1 

which signifi(‘s that 1 volunu' of oxygen coiubiru‘s with carbon to produce 
1 volume of 'That is, the volumi' of ('()■. n^suliing from combustion 

is exactly th(‘ same as that of the oxyg(‘n suj)])li(Hl, l)oth gasc's r(‘ferred to 
the same pressure and t(Mni)(‘ra1ur(‘. 

When combustion is incomjihdc' and the carlxm unites with oxygen to 
form CO, the r(‘action is (‘xjirc'ssed: 

2(^+0, = 2 ( H 1 

2 X 12 + 32 = 2 X 28 (10) 

1 + 11,3 = 21 / 3 

Thus, 1 lb. of carbon combines with 1 1 3 lb. of f)\vg(m to i)roduc(‘ 2 1/3 
lb. of CO. The heat li])('iat(‘d will b(‘ about 4410 B.t.u. per lb. of carbon. 
The air recpiired to furnish the iKHHvssaiy oxygcni foi- this rc'action is I 1/3 
H- 0.23 = 5.79 lb. The wxaght of nitrogen brought in wdth th(‘ air is 1 1/3 
X 77/23 = 4.46 lb., and th(' ])roducts of (-ombustion w’ill consist of 2.33 
lb. of (X) and 4.46 lb. of nitrogen, a. total of 6.79 lb. 

Considering the coefficicuits in eejuation (10), we have 

2 1=2 

which indicates that 1 volume of oxygen combiiuvs with carbon to pro- 
duce 2 volumes of ( '(). The* reaction is tluTefore accompanied by an 
increase in volume of 100 jicu- cent. 

* All of the oarhon does not. burn directly to CO. Part of it burns first to CO2, and 
this in turn combines with carbon to form (X). The ultimate result, however, is the 
same as if the change took place as indicated 111 this equation. 
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Carbon monoxide unites witli oxygen to foi-iu COo, thus 

2 CO + (>2 =2CX.)2 (11) 

2 X 28 + 32 = 2 X 44 

5i\ +32 =88 

1+4/7 = 1 4/7 

2 1/3 + 1 1/3 = 3 2/ 3 

That is, 1 lb. of CO unites with 4/7 lb. of oxygen to form 1 4/7 lb. of CO2; 
or, the 2 1/3 lb. of ("O resulting from the (•om})iistion of 1 lb. of carbon, 
as in equation (10), combiiu‘s with 1 1/3 lb. of oxygem to form 3 2/3 lb. 
of COo. The heat libcTated will be about 435-4 Il.t.u. per 11). of (X), or 
2 1/3 X 4354 = 10,1()() ll.t.ii. per lb. of carbon. Noting that 4440 + 
10,100 = 14,()00, it is evicUmt that th(‘ ultimab' result is th(‘ same whether 
the process takes place in one or two stages. TIk' diy air ix'cpiired to fur- 
nish the necessary oxygen for th(‘ combusiion of 1 11). of CO to ('(>2 is 4/7 
-7- 0.23 = 2A7 11). The weight of nitrogen brought in with the air is 4/7 
X 77/23 = 1.91 lb. per lb. of carbon, and tlu» products of combustion 
will consist of 0.57 (= 4/7) lb. of (X)2 and 1.91 lb. of N2, a total of 2.48 lb. 
The fact that carbon may (‘.ombine with oxygen to form ('(>2, CO, or both, 
is of great importance in furnace efficiency and is discussed at great(T 
length in paragraph 54. 

40. Combustion of Hydrogen. — Hydrogen combiiK's with oxygen to 
form water vapor, thus: 

2 H 2 + O 2 = 2 1120 (12) 

2 X 2 + 32 = 2 X 18 
4 + 32 = 30 
1 + 8 = 9 

That is, 1 lb. of hydrogen combine's with 8 lb. of oxygen to form 9 lb. of 
water. If the water vapor resulting from this combustion is all condensed 
and cooled at constant pi’C'ssure to Ikpiid at the initial banperature of the 
original mixture of hydrogen and oxygen, the h(‘at liberab'd will be about 
62,000 B.t.u. p('r lb. of hydiogen. If, how(‘V(‘T, the vapor is not con- 
-dtinsed, or is only partially condensed, th^ heat available' for external 
heating will be less than 62,000 B.t.u. by an amount depending upon the 
final conditions of the products of combustion. These two values are 
called, respectively, the higher and the lower heat value. The lower 
factor is a variable, and therefore cannot have a constant value except 
for a fixed set of conditions. 

The theoretical weight of dry air necessary to burn 1 lb. of hydrogen 
to water is 8 0.23 = 34.8 lb., and the final products of combustion will 

consist of 9 lb. of H2O, and 8 X 77/23 = 26.8 lb. of N2, a total of 35.8 lb. 
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It is important to note that the water vapor content is never determined 
in the ordinary gas analysis apparatus, since the greater part is condensed 
before reaching the measuring pipette. Therefore, the dry products of 
combustion will consist only of N 2 . The lower heat value for the com- 
plete combustion of hydrogen, with theoretical air requirements, under 
constant pressure of 14.7 lb. per sq. in. and initial and final temperature 
of 02 deg. fahr., is given by Goodenough as 52,930 B.t.u. per lb. of hydro- 
gen.’ Th(^ lower heat value dot^s not enter into boiler problems, since 
the heat of the water formed by combustion, and discharged wit^ the 
flue gas, is consideied as a separate loss. The A.S.M.E. Power 'Test 
CVjde recommends tlu* use* of llui higher heat value only. 

Oxygen is a constituent of pi at^jcally all fuels and may exist in the free 
state, in combination with nitrogem, in organic nitrates, in the carbonates 
of the ash, in the comljiiu'd moisture, and in the CmllnOz compounds. 
For most engineering purpos(5S, it is sufficiently accurate to assume that 
all oxygen present is combincHl with hydrogen as H 2 O, and that the re- 
mainder of the hyclrogtm is in the', free state. With this assumption, con- 
sidering that 8 parts of oxygen combine with 1 of hydrogen, we have as 
the free or available hydrogen, 11 — 0/8. The oxygen to be supplied 
from the air then b(‘com(^s 8 (H — 0/8) lb. per lb. of hydrogen, and the 
weight of the dry air itself, 34.8 (H — 0/8) lb. per lb. of hydrogen. 

41, Combustion of Hydrocarbons. — In nearly all fuels, part of the 
carbon is united with hydrogc'ii in a great variety of combinations known 
as hydrocarbons, and constituting the so-called volatile matter; and al- 
though the ultimate products of combustions are GO 2 and H 2 O, the process 
of decomposition is often very complicated. For example, in the com- 
bustion of coal, in hand-fired furnaces, the volatile matter leaves the fuel 
bed as complex hydrocarbon compounds. Near the surface of the fuel 
bed, where the oxygen supply is very low, these hydrocarbons are quickly 
decomposed, by the high furnace temperature, into soot (carbon), H 2 
and GO. The formation of the latter is due to the presence of CO 2 and 
the small supply of air. At a distance of 1 or 2 feet frpin the surface of 
the fuel bed, provided air is admitted above the fire, only a very small 
amount of hydrocarbons can be found in any state, gaseous, liquid, 0 i 
solid. The solid substance present in the flames is mostly soot with 
traces of tar. If oxygen is present in sufficient quantity at the time of 
distillation of the volaiile matter, the hydrocarbons will burn directly to 
CO 2 and H 2 O without first decomposing and depositing soot. The oxy- 
gen and air requirements for the perfect combustion of the various hydro- 
carbons are the same as if the constituent elements were in the free state, 
but the heat of combustion of the compound differs considerably from 
^ Principles of Thermodynamics, 3rd Ed., p. 295. 
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that of the separate elements. This is explained by the fact that the 
hydrocarbon is already a chemical compound, and that the heat of com- 
bination or of dissociation must be consideied. Tor example, methane 
(CH4) unites with oxygen to form H 2 O and COo, thus 

CH 4 + 2 O 2 = CO 2 + 2 H 2 O (13) 

(12 + 4) + 2 X 32 = (12 + 32) + 2 (2 + 10) 

16 + 64 = 44 + 36 

1+4 =23/4 + 2 1/4 

That is, 1* lb. of CH 4 combines with 4 lb. of oxygem to form 2 3/4 lb, of 
CXI 2 and 2 1/4 lb. of II 2 C-). The theoretical dry air recpiirements are 4 
23/100 = 17.3 lb. per lb. of CH4. Thtt heat of combustion, as experi- 
mentally determined, is 23,850 B.t.ii. per lb. as against 26,400 when cal- 
culated from the heat combustion of free carbon and free hydrogen. The 
hydrocarbons most commonly encountered in l)oilei' room practice arc 
outlined in Table 11. 

42. Combustion of Sulphur. — Although carbon, hydrogen, and oxygen 
are generally considered to be the three important elements in coal, 
sulphur often constitutes a large portion of th(‘ coal substance. The 
sulphur occurs in a variety of forms, organic and inorganic, but very 
little information is available on the subject. Sulphur unites with oxy- 
gen to form sulphur dioxide (SO 2 ) or sulphur trioxide (SOs) depending 
upon the furnace conditions. In most cases SO 2 is formed, thus: 

S + (>2 = SO 2 . (14) 

32 + 32 = 64 
1 + 1=2 

That is, 1 lb. of sulphur combines with 1 lb. of oxygen to form 2 lb. of 
SO 2 . If oxygen is obtained from the atmosphere, the theoretical weight 
of dry air required to completely burn 1 lb. of sulphur is 1 -f- 23/100 = 
4.35 lb., and the final products of coml)ustion will consist of 2 lb. of SO 2 and 
1 X 77/23 = 3.35 lb. of iiitrogcm, a total of 5.35 lb. The heat of com- 
bustion of pure sulphur, when burned to SO 2 , is about 4000 B.t.u. per 
lb. Sulphur, however, seldom exists in a fuel as a free element; hence, 
assumption that the, total sulphur content, as deti'rniined from the 
ultimate analysis, has a heat value of 4000 B.t.u. per lb. may be con- 
siderably in error. Attention should be called to the fact that all of the 
sulphur in coal does not bum to SO 2 and that a large i)ercentago may be 
found in the ash. No relationship apf)ears to exist between the total 
amount of sulphur in the fuel and the amount, after combustion, in the 
flue gases, coke, or ash. 

» The Effect of Sulphur on Steam Production^ by T, A. Marsh. Combustion, Feb., 
1924, p. 123. 
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i3. Combustion of a Mixture of Elements. — All commercial fuels con- 
sist of a mixture of elements existing either in the free state or in com- 
bination with each other. The minimum theoretical weight of air re- 
quired to completely burn any fuel is the same whether the combustible 
elements are free or com hint'd; but the heat of combustion of a chemical 
compound may differ considerably from that based on the heat value of 
its constituent elements, because of the heat absorbed or given up in the 
creation of the compound. The character and distribution of the prod- 
ucts of combustion depend upon the nature of the fuel, the air supply, 
and the conditions under which combustion took place. In pracJ^tically 
all the furnaces, the combustion of solid fuels takes place in two stages: 

(1) Combustion in the fuel bed,*-which incliuh^s the distillation of volatile 
matter and partial combustion or gasification of th(' fixed carbon; and 

(2) combustion of tlu^ gaseous and other combustibles rising from the 
fuel bed in the combustion space. With liquid fuels, evaporation and 
gasification precede ignition and combustion, while with gaseous fuels 
ignition takes place as soon as the fuel and air mixture has reached the 
proper temperature for chemical union. 

The various steps in the combustion of a bed of coal of uniform thick- 
ness on a stationary grate are shown in Fig. 13. At the bottom of the 



Fio. 13. Composition of Furnace Gases along thefr Path through the 
Combustion Space — Hand-fired furnace. 


fuel bed, where the air first comes in contact with the coal, the air con- 
tains approximately 21 per cent of oxygen, and the fuel bed but little com- 
bustible. As the air passes up through the layer of fuel next the grate, 
the oxygen in it combines with the carbon of the coal, forming CO 2 . The 
rate of oxidation in the lower part of the fuel bed depends almost entirely 
on the rate at which air flows through it. The greater the quantity of 
air that is forced through the fuel bed the faster the coal is oxidized 
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When the free oxygen is all used up, the resulting CO2, on continuing 
its passage through the superposed unburned portion of the coal bed, 
is reduced to CO. The rate of reduction of CO2 to CO depends upon 
the temperature of the fuel bed — the higher the temperature the faster 
the CO2 is reduced to ('O. At the high temperature existing in the aver- 
age fuel bed, a considerable portion of the CX)2 is reduced. The layer 
at the top of the fuel bed consists mostly of fresh find which is being 
heated and from which the volatile matter is bc'ing distilled. With a 
given temperature, th(^ distillation is independent of the air supply, since 
the heated volatile matter distills off whether air is supplied or not. On 
the other hand, fixed carbon in a fuel bed cannot be burned to CO2 or 
gasified to (X) unless air is supplied through the grate. The gasf^s rising 
from the fuel bed contain a Jiigh percentage of combustible, and no free 
oxygen, irrespective^ of the rate at which air is forcied through the fuel 
bed. Th(ucfore, comph'te comlnistion cannot be obtained from the air 
passing through the b('d unless there are holes in the fire or part of the 
fuel on the grate is burned out. To effect complete combustion with an 
even fuel bed of unburned coal, part of the air must be supplied above 
the fire and in such a manner that it will mix with the combustible gases. 
This applies to all solid fuels. 

Part of the moisture in a fuel and part of that brought in with the air 
for combustion pass through the furnace as highly superheated steam. 
That part of the moisture which comes into contact with the incandescent 
carbon combines with the carbon to form C-O, CD2, and H2, thus 

n/) + c = rx) + H. 

2 PI 2 O -|- C = C()2 "h 2 H'j 

Under average boiler-furnace conditions, the H2 thus liberated will ul- 
timately recombine with O2 and form H2O. See also paragraph 100. 

Combustion of Coal: R. B. McMullin, Combustion, Mar., 1922, p. 224 (Serial). 

Combustion in the Fuel Bed of Hand-fired Furnaces: Kreisinger, Ovits and Augustine, 
Bureau of Mines, Teeh. Paper 137, 1917. 

Low Rate of Comlnistion m Fuel Beds of Hand-fired Furnaces: Kroising(*T, Augustine 
Bureau of Mines, Tech. Paper 139, 1918. 

Experiments with Furnaces f Hr a Hand-fired Tubular F urnace- IXagg, Cook and Wood- 
man, Bureau of Mines, Tech. Paper 34, 1914. 

Factors Governing the Combustion of Coal in Boiler Furnaces: Clement, Frazer and 
Augustine, Bureau of Mines, Tech. Paper 63, 1914. 

New Developments in Sinokeless Combustion’ Power House, Mar. 5, 1923. 

44. Air Theoretically Required for Perfect Combustion, — As previously 
stated, the minimum weight of air recjuirc'd to completely burn any 
»fuel is the same whether the combustible elements arc in the free 
state or in chemical combination with each other. If C, H, 0, S, repre- 
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sent the proportional part Vjy weight of carbon, hydrogen, oxygen, and 
sulphur in the fuc'l, then, from the preceding paragraphs, it is evident 
that for perfect combustion 

Ao = 2.60 C + 8 (H - 0/8) + S (15) 

Ai = 11.58 C + 34.8 (H - 0/8) + 4.35 S (16) 

in which 

Ao = weight of pure oxygen per lb. of fuel 

Ai = weight of dry air per lb. of fuel 

Equation (16) is sometimes expressed as follows: 

Ai = 11.58 C + 34.8 H + 4.35 (S - O) \ (17) 

Atmosphei’ic air (contains a small amount of^ water vapor^ and traces of 
CO 2 , helium, hydrogen, argon, and other elements; but in vi('w of the 
uncertainty of many of the factors (mtering into the problem of com- 
bustion, it is suffici(‘ntly a(;curate for all engineering purposes to assume 
that the air is dry Jind composed only of nitrogen and oxygen in the ratio 
by weight of 77 to 23. 

The constants in ecpiations (15) to (17) will be slightly lower if the 
exact molecular weights (as fixc'd by the International Committee on 
Atomic Weights) are used inst(\ad of th(' api^roximate weight, and the 
oxygen-nitrogen ratio of the air is taken as 23.15 to 76.85 instead of 23 
to 77. Such refinement-, however, is without purpose in engineering 
practice. The theoretical weight of air per lb. of fuel variiis within wide 
limits, but whim expressed in terms of weight pt^r 10,000 B.t.u. there is a 
close agreement b(*tween all solid finds. Several hundred fuels, varying 
from peat to anthracite, gave an average value, on this basis, of 7.5 lb. of 
dry air per 10,000 B.t.u. with a maximum departure not exceeding 4 per 
cent. See Table 12. 

Example 7. — Calculate the minimum weight of dry air necessary to 
completely burn Illinois liituminous coal having the following analysis: 

IVr Cent “ .IS fired " _ Per Cent “ as fired " 

Carbon orj 0 Suljthiir 2 8r 

Hydrogen .44 Free moisb ire 8.8 

Oxygen 7.2 Ash . . 10.5 ’ 

Nitrogen 13 Total 100.0 

Solution. — Substituting thi' value of C, II, O, and S in the equation 
(16), and solving for A, we have: 

A = 11.58 X 0.65 + 34.8 (0.044 - 0.072/8) + 4.35 X 0.028 

= 8.87 lb., the theoretical widght of dry air per lb. of coal as fired. 

^ 0.1 to 1.2 per cent by weight, depending primarily upon the temperature and 
relative humidity. See paragraph 409. 
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The “ dry coal ” is 100 — 8.8 = 91.2 per cent, and the ** combustible 
100 — (8.8 + 10.5) = 80.7 per eeiil of the coal as fired; therefore, the 
theoretical air requirement is 8.87/0.912 = 9.72 lb. per lb. of dry coal 
and 8.87/0.807 = 10.99 lb. ])er lb. of combustible. 

The air reciuirements for litpiid fuels are usually deterniinc^d by weiglit, 
and the method of prod('cur(‘ is th(‘ same as for solid fiuis. Gaseous fuels, 
however, are measured voluineliically and tlu' air supidy is eahailated oil 
this basis. 

Example 8. — GalculaU‘ the th(‘oreliciil air lecpiirenients for the perfect 
combustion of a dry l)last-fui iia(‘<' f;as having an analysis by volume as 


follows: , 

IVi CYiil Pci Cent 

Ciirbon dioxide . . . ^ . 12 .5 Tlvdroj>eii 3 5 

Carbon nionoxichj . 2.3 5 Nitro^c^n . . 5S.5 


Solution. — The GO and ITo are the only combustible elemcaits. From 
the coefficients of the molecular reactions, (‘(piations (11) and (12), it is 
evident that the CO and II 2 (^ach reijuirc' one-lialf their own volume of 
oxygen for complete combustion or (25. .5 b 3.5) — 14.5 cu. ft. per 
100 cu. ft. of sas. Since' aii* is conqio.sed of 21 pc'r cent by volume of 
oxygen, w(' have : 

(hi. ft. of air n'cpiire'd jx'r 100 (‘u. ft. of gas = 14.5 -h 0.21 = 69 (tem- 
peratures and pr(\ssures assumed to b(‘ constant). 

45. Products of Combustion. — The charaider and amount of the pro- 
ducts of combustion r(\sulting from the Iniiniug of the unit of any fuel 
depend upon the nature of the fuel, th(‘ air sui)i)ly, and the conditions 
under which combustion takers ])lace. For maximum heat efficiency, 
complete combustion with theoretical air re(|ui remen ts is necessary, and, 
considering commercial fuels in gcmeral, tlu' lesulting [iroducts should 
consist only of H 2 O, SOi, ash, and oxides of minor combustible 

elements. If combustion is c,omi)let(* but air is used in excess of theo- 
retical requirements, the gaseous products will includes free oxygen. If 
combustion is incomplete, GO, H 2 , soot, and various hydrocarbons may 
also be present. As the gaseous products resulting from compkde com- 
*i!rtistion arci colorless andjnvisible at chimney tc'mperatures, visible smoke 
(other than that caused by the exmdemsation of vapor or entrainment of 
ash particles) is an index to incomplete combustion. If th(j ultimate 
analysis of a fuel is available, it is a comparatively simple matter to cal- 
culate the character and amount of th(' products of combustion for com- 
plete oxidation; and, vice versa, given the cbaracter and amount of the 
products together with the analysis of the fuc'l, it is possible to determine 
, the amount of air supplied. The calculations are best illustrated by an 
example. 
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TABLE 12 

THEOBUnCAL AIK REQUIHEMEMTS FOR VARIOUS FUELS AND THE RESULTING MAXIMUM 
PER CENT CO2 IN THE FLUE GAS FOR PERFECT COMBUSTION 


Fuel, MoiHtiiTO, and 
.\h}i I'Voe 

Ultimate Aiialyais 

Dry Air, li). 

CO 2 , 
Per Cent 
by 

Volume 

C 

IT 

N 

0 

8 

Per lib. 
of I'liel 

1 

Per 

1(1,000 

B.t.u. 

Pure carbon 

100 00 





11.58 

7 8 

2II.9I 

Anthracite 

94 39 

i-77 

0.71 

2.13 

1.00 

11.39 

7.7 

20,. 06 

Semi-anthracite 

S9 04 

3 97 

0 63 

3 23 

2.53 

11 59 

7.6 

20\00 

Serni-bituminous 

8().:i9 

AM 

i‘:4() 

5 50 

1.81 

11.41 

7.6 

18 .^65 

Bituminous . . 

79 71 

5.52 

1.52 

9 87 

:5.;ts 

10.70 

7.5 

18.46 

Sub-bi(.uminoiis. . . 

78 00 

5 70 

1 .35 

13.10 

1,"9 

10.24 

7.5 

18 56 

Lignite 

70 64 

4 61 

1 22 

122 67 

0.8G 

8.75 

7.6 

19 68 

Peat 

59 42 

5.50 

1 50 

133 33 

0 2.') 

7.30 

7 6 

20 79 

Crude oil 

84 90 

13 7 

1 

0 60 

^ 0 80 


14 45 

7.4 

15.90 


Example 9. — Dotorniino the character and amount of the products of 
combustion if 1 lb. of coal, as per following ultimate analysis, is com- 
pletely burned (1) with theoretical dry air requirements, and (2) with 
20 per cent air excess: 


Per Coni- an Fired Per Cent as Fired 


Carbon (>5,0 

Hydrogoii .4.4 

Oxygen 7 2 

Nitrogen ^ ..13 


Sulphur 2.8 

Free moisture . , 8.8 

Ash 10 5 

Total 100.0 


Solution. — The various steps are detailed in the following tabular 
chart. 


Principles of Combustion in The Steam Boiler Furnace , A. D. Pratt Published by 
The Babcock and Wilcox Co., New York. 

Elements of Heat Power Engineering, Ilirshfcld and Barnard. Published by John 
Wiley and Sons, New York. 

Combustion in The Power Plant, T. A. Marsh. Published by Combustion Publisliing 
Corp., New York. 

Properties of the Products of Combustwn, Cbinbustion, Dec. 1923, p. 451. 

Reports Relative to Cojobustion Accessories, Combustion, Aug.T923, p. 126. 
Interpretation of Flue Gas Analysis, Combustion, Feb. 1^24, p. 115. 

Fuels and Their Combustion, Ilaslam and Russell. Published by McGraw-Hill Cot, 
New York. 
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CALCULATED RESULTS 

(<;OAl, AS PinED) 


Calculations for Perfect 
Combustion with 

Lb. of Substance per 100 Lb- of Coal 

Fluo Cases 1 

‘'doinenlary ConsLit ueuts 

Theoretical Air 
Requirements 

I 

C(h 

)iy (liLsos 

Ha() c 

SO" \2 

IL 

Ns O2 S 

The carbon will iirodiico' 





Carbon 


05 



65 X 44/12 

23S 




65 X 32/12 


• 


173 

65 X 32/12 X 77/23 . 


580 


580 

The available hydrogen 

i 




will produce: 





4.4 - 7.2/8. . . 



3.5 


(4.4 - 7.2/8)9. . .. 


31 5 



(4.4 - 7.2/8)H. .. 




28 . 

(4.4 - 7.2/8) 8 X 77, 23 


94 


94 

The oxygen and inert hy- 





drogen will produce* 





Oxygen . . 




72 .... 

Hydrogen, 7.2/8. , . 



6.9 


Combined H2O, 





7.2 + 7.2/8. . . 


8.1 



The sulphur* will pro- 





duce: 





Sulphur 




2.8 

2.8 X 64/32 


5 6 . 



2.8 X 32/32 


• 


2.8 

2.8 X 32/32 X 77/23. 


9 3 


9 3 

The nitrogen in the fuel 





is considered incrlf 


13 


13 

The free moisture will 





appear as vapt)r 


8 8 



Total . . . . 

238 

5.6 684 0 48 4 65 

TT 

684 6 211 2.8 


• See Olid of paragraph (42). 

t This la not atricth' true, sinoo a portion of the mtrogon content of tfio fuel appeara in tfio flue gaa in 
combination with other olemenla, but the amount ia so amall rompared with that supplied in tho air that 
no appreciable error arises from the assumption that it remains inert and passes through the furnace without 
ohange. 

Total gaseous products = CO 2 + SO 2 + N 2 + H 2 O 

= 238 + 5.6 + 684.6 + 48.4 
= 976.6 lb. per 100 lb. of coal 
= 9.76 + lb. per lb. of coal 

Or, separating the compounds into their elementary constituents 

^Total gaseous products = C + H 2 + 02 + N 2 + S + Free H 2 O 

= 65 + 4.4 + 211 + 684.6 + 2.8 + 8.8 
= 976.6 lb. per 100 lb. of coal 
= 9.76 + lb. per lb. of coal 

^ Atmospheric air may contain as much as 1.2 per cent by weight of water vapor; 
therefore this moisture content should be added if extreme accuracy is desired. 
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Total dry gaseous products = total gaseous products — total H 2 O 

- 97().()-48.4 = 928.2 lb. per 100 lb. of coal 
= 9.28 + lb. per lb. of coal 

Dry air supplietl = total (N 2 + (> 2 ) — (N 2 + O 2 ) in the fuel 
= (684.0 + 211) - (1.3 + 7.2) = 887.1 lb. 

per 100 11). of coal 
= 8.87 lb. per lb. of coal 

(Which checks with the results as calculated from equation (16).) 

(k)nsid(‘riTig th(^ s(‘cond phase of the example; viz., complete com- 
b\istioii with 20 per cent, air exc(\ss, it will be found that, the only change 
in th(‘ products of combustion will be the addition of 20 per cent of the 
weight of oxygen and nitrogem furnished by (hr air, or 0.20 X 2.038 = 
0.407 lb. of free' oxygen and 0.20 X ().833 = 1.367 lb. of nitrogen. There- 
fore, th(' total dry gaseous prodinds will consist of 2.38 lb. CXJ 2 ; 0.056 lb. 
SO 2 ] 6.846 + 1.367 = 8.213 lb. N 2 ; and 0.407 lb. free O 2 , a total of 
11.056 11). per lb. of coal.^ ‘ 


In practice, the gasc'ous products of combustion are measured volu- 
metrically (see paragraph 349), and the various constitiumts are ex- 
pressed in per (!('nt, of the* total volume of dry gas. Equations (8) and 
(9) offer a simple means for transferring the several quantities from a 
weight to a voIuuk' ))a.sis. ITiis is best illustrated by an example. 


Example 10. — Calculate the acitual volume under standard conditions 
and the per cent by volume of (^> 2 , SOo, (> 2 , and No in the total dry gaseous 
products for the data given m th(‘ i)receding exampl(\ 

Solution. — Multiply the. wiaght of each coiistitucmt by 385/m, (see 
equation 9), and t,h(* pro/luct gives the actual volume under standard 
conditions. In dealing with ratios by volume, the constant 385 cancels 
out and need not be considered. Thus, foi’ maximum CO 2 , 


Per cent CO 2 by volume = 100 


2.38 44 

2.38 -- 44 + 6.846 -- 28 + 0.056 64 


18.1 


The various steps and results for the other elements are shown in the 
following tabular chart ; 


PRO DUCTS OF COMBUSTION 

(tIIKOIIETICAL Alll REQUIIlEMENTfi) 


Subatance 

Weifilit, I.b. 

IC* 

MolwnUir 

Womht 

m 

Vol Cu. Ft. 

Per Cent by V.'!. 
in Total Drv Oaa 
100 xv/m -ir 0.299, 

w/m 

t 

385 w/m 

CO2 

2 . 3 S 0 

44 

0.054 

20 8 

18.1 

N 2 

0 S 4 () 

28 

0.244 

93.9 

81.6 

SO 2 

0 0.^)6 

fVl 

0 001 

0 4 

0 3 


9 282 


0 299 

115 1 

100.0 


1 Values have been earrit'd oui to three dt*ciinal places in order to check with subse- 
quent calculations. In practice such refinement is without purpose since gas analyses 
are apt to be in error as much as 10 per cent. 
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PRODUCTS OF COMBUSTION— (ContouedI) 

(THBOBETICAL AIK HBQTIIBEMENTS) 


(Complete combustion witli 20 per cent air excess) 


CO, 

2 380 

44 

0 054 

20 S 

15 0 

N, 

8.213 

28 

0 293 

112.8 

81 2 

Os 

0.407 

32 

0 013 

5.0 

3.6 

SOst 

0 056 

64 

0 001 

0 4 

0 2 


11 056 


0 361 

139 0 

100 0 


• As calculated iii Example 9. 

t In the oomineroiid analysis of fuel Kasos, pait of (lie SO- is tibsoihed l)> (ho vtalor in Iho sampliuK ap- 
paratus, whilasome of it probably ^oes into tlie C ()2 pipette. Fuithormore, all of the sulphur iii (ho fuel does 
not burn to fc^ 2 , niid a coiiBidorable portion may remain in the ash. It is diihcult to deloriiiine the exact 
distribution, but since the volume of SOs is ordinarily very sinnll, it is common practice to disreKard it 
entirely. 

Example 11. — Dotormine tho voluiiK' of air iiocossary por t*u. ft. of 
gas and tho rosiilting por oont of COo in tho dry pi'odiiots of oonibustion, 
whon blast-furnaoo gas of ♦ho following composition by volume is com- 
pletely burned with theoretical air rcquirenn'iits: 

CO 2 11.5 per cent N 2 59 per cent C^O 27 per cent H 2 2.5 per cent 

Solution. — The (X) and H 2 are the only comlmstiblc elements. From 
the molecular reactions, 2 (X) + O 2 = 2 (Xlo, and 2 H 2 + (>2 = 2 H 2 O, 
it is evident that 2 volumes of (X) combiin' with 1 volume of (>2 to form 
2 volumes of (X) 2 , and similarly, 2 volumes of JT 2 combine with 1 volume 
of O 2 to form 2 volumes of H 2 (). That is, 1 (‘u. ft. of (X) and 1 cu. ft. of 
hydrogen require 1/2 cu. ft. of oxygen eac;h for (‘.ornpleto combustion, 
and 1 cu. ft. of (X) will produce 1 cu. ft. of (X) 2 . Since air is composed 
of 21 per cent oxygen aiitl 79 per cimt nitrogen ])y volume, th(' ratio of the 
nitrogen and of the air to the oxygen is 79/21 = 3.70 and 100/21 = 4.76, 
respectively, and wo may proceed as follows: • 






Volume, 

Cu. Ft.* 


Flue Gas 

Calculation 

■^r before lio.-xl 

IloiiuiipmuiitH 

Dry Flue Can 

Element 

Cu F(. 


()2 

Air 

COn 

N= 

CO, .. 

0 115 

Remains unchanged 

a it 



0 115 


N, ... 

0 590 




0.590 

CO 

0 270 

0.270 X 1.0 

0.270 X 0.5 

0 i350 


0.270 




0.270 X 0.5 X 4.76 


0 643 



• 


0.270 X*0.5 X 3.76 




0 508 

H,.... 

0 025 

0.025 X 0.5 

0 025 X 0 5 X 4.76 

0 025 X 0 5 X 3.76 

0 0125 

0 060 

. 

0 042 


1 000 


0.1475 

0.703 

0 385 

1 140 


* Temperaturofl ancJ pressures assumed to be the same as in the original comrx).sition 


Air required = 0.703 cu. ft. per cu. ft. of gas; CO 2 = 100 X 0.385 
(0.385 -|- 1.14) = 25.2 per cent. 

Properties of the Prodvets of Combustion: Combustion, Dec., 1923, p. 451. 
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46. Flue-sas Analysis. — It has been shown that the products of com- 
bustion, commonly called flue gases, resulting from the complete oxida- 
tion of a fuel with theoretical air supply, consist chiefly of N2 and CO2, 
with small amounts of water vapor and SO2. It was also shown that 
with a deficient air supply the flue gases may contain CO, H2, and vary- 
ing amounts of hydrocarbons. If air excess was used in the combustion 
process or air leaked into the s('tting, free (>2 would also be present in the 
gases. Evidently an analysis of the flue gases is an index to the amount 
of air furnished and, as will be shown later, is an important factor in de- 
termining the heat losses incident to combustion. The various ap- 
pliances for sampling and analyzing the gaseous products of combustion 
are described in Chapter XVIIl.* 

If a sample of flue gas shows the presence of only CO2, N2, H2O and 
possibly SO2, it is positive evidcmcc^ that combustion is perfect. This 
result cannot be obtained in the commercial combustion of any fuel; be- 
cause of the impossibility of (‘.ompletely oxidizing the combustible ele- 
ments with the theoretical air supply. 

If free O2 is pn^sent with the ('O2, N2, and SO2, combustion is complete, 
but air has been supplied in excess of theoretical requirements. In prac- 
tice, air excess is necessary, th(' minimum amount in an air-tight setting 
varying from 10 to 50 per cent or more, depending upon the nature of 
the fuel, the design of th(' furnace equipment, and the rate of combustion. 



Excess for the Complete Combustion of Typical Fuels. 

For complete combustion with air excess, the percentage of CO2 or O2 is 
a true index of the excess, but it should be borne in mind that the maxi- 
mum theoretical per cent of CO2 is a function of the fuel itself and ranges 
from about 9 per cent for by-product coke-oven gas to over 25 per cent 
for dry blast-furnace gas. This is illustrated in Fig. 14. 
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If CO, H2, or other combustibles are present in the flue gases, it is 
evident that combustion is incomplete, and if there is no free (>2, the air 
supply is deficient. However, the flue gases may contain CO, H2, and 
other combustible gases, and considerable free O2. This apparent anomaly 
is due to the fact that; (1) the combustible gases and the air supply 
have not been thoroughly mixed while in the zone of combustion ; (2) the 
furnace temperature has been too low for proper ignition; or (3) there 
has not been sufficient time for combustion to be complete. Concen- 
tration, ijiixing, tempcu’ature, and time of control are interrelated, and 
each of these factors is essential for good combustion. 

For each fuel there will be a definite percentage of the different con- 
stituents in the gaseous jiioducts incident to perfect combustion, but 
such percentages will var^ not onh'^ for diffenuit classes of fuels, but 
even widely with different fuels of the same class. The actual volume 
of CO2 resulting from the complete combustion of a S]iecific fuel is con- 
stant, irrespective of the* {lir excess, but the p('r(^('ntage by volume* de- 
creases as the excess incj’(‘ases. l^'iirthermore, tin* ac'tual volume of free 
oxygen and the pt'rcentagt* by volume incrc'ases with the amount of excess 
air; therefore, either the CO2 oi* the fre(^ O2 is a tnu^ index to the air ex- 
cess for the complete combustion of the given fu(*l. If, however, com- 
bustion is incomplete, neifh(‘r the perc(*ntag(‘ of ('(>2 or that of O2 is an 
accurate index to the air ex(;ess unless the character and the amount of 
the unburned combustible is known. In commercial boiler furnace 
practice, the unburned combustible in the fiBe gas is usually small in 
amount, so that either the (>2 or iXh is a fairly satisfactory index. The 
percentage of CO2 is universally used as th(^ index b(*cause of the ease 
with which it is obtained. The perc(nitag(^ of COj, by volume, in the 
dry gaseous products for eompleU* combustion of sev(*ral classes of fuels 
with varying air exc.(\ss, is shown in Fig. 14 . 

Recent Developments in Flue Gas Analysis, l^^wc*r, kSoj)!. 18, 1923, p. 461. 

Interjyretaiion of Flue-gas Analysis: C)ombu«tion, Feb., 1924, p. 115. 

47. Air Actually Supplied for Combustion. — In pra(;ticx^, the amount 
df air supplied is measured directly in situations where* such measurements 
can be readily made, as in connection with mechanical draft, or where 
the entire air supply is forced to flow through a conduit, or the equivalent. 
Changes in the rate of flow may also be closely approximated by noting 
the pressure drop across the boiler. (See paragraph 343.) In most 
cases, however, physical measurements of flow are not feasible, and the 
amount of air supplied is calculated from the flue-gas analysis. The 
latter offers an accurate method for determining air excess, provided the 
sample of gas is truly representative of average conditions. 
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If CO2', CX)', O', N' = proportional part by weight of the carbon dioxide, 
carbon monoxide, free oxygen, and nitrogen in the dry flue gas, then the 
weight of carbon in the CO2 = 3/11 CO2' and that in the CO = 3/7 CO'. 
The weight G of dry gas per lb. of carbon actually burned is 


_ CO./ + O' + CO' + N' 
^ 3/11 CO/ + 3/7 CO' 


(18) 


If CO2, CO, O, N = perc-t'ntages by volume of these (jonstitucnt; gases, 
then CO/ = CO2 X 44/385, O' = O X 32/385 etc. (See equation <).) 

Substituting these values in equation (18) and reducing, we haveA 

11CX)24,,80 + 7(C0 + N) ' .... 

~ 3((M^+ CO) 

Since CO2 + C'O + O + N = 100, neglecting trac('s of minor con- 
stituents, CO = 100 — CO2 — O “ N. Substituting this value of CO 
in the numerator of ('(juation (19) and reducing, we have 


^ 4 CO2 -f- () + 700 

' 3 (CXJ2 + CO) 


( 20 ) 


Example 12. — D(‘termine the weight of dry air supplied per lb. of coal 
as fired, analysis as in Example 9, if th(' fliit' gas resulting from the com- 
bustion is composed (p(*r cent by volume) of 

CO2 12.8 O2 5.4 

CO .06 N2 81.2 

Solution. — Substitute the various percentages in equation (20) and 
solve, thus; 

^ 4 X 12.8 + 5.4 + 700 10 00 u r j nr 1 

(t = 3 Q2 8 ~ + 0 0) ~ 18.82 lb. of dry gas per lb. of carbon 

actually burned. 

Since the coal as fired contains 0.65 carbon, the dry gas per lb. of coal = 
18.82 X 0.65 = 12.23 lb. If part of the coal falls through the grate, as 
is always the case in practice, the weight of carbon actually burned should 
be taken instead of the total (;arbon content. 

The total weight of dry air actually supplied per H). of coal burned 

12.23 - 0.65 + 8 (0.044 - 0.072/8) = 11.86 


^ If SO 2 and free H are present in appn^ciable quantities, this expansion should have 
16 SO 2 and ^ H added to the numerator; if the hydrocarbons, C 2 H 4 and CH4 are also 
present 7 C2H4 and 4 CII4 should be added to the numerator, and CH4 and 2 C2H4 
should be added to the parenthesis of the denominator. Except in special cases where 
the content of these gases is high, or where extreme accuracy is desired, it is conamon 
practice to disregard the presence of these constituents in calculating the air supply. 
The average flue-gas analysis is an approximation at the best, and refinement in calcu- 
lation is without purpose. 
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It has been previously shown (Example 8) that the coal under con- 
sideration requires 8.87 lb. of air for theoretical combustion, hence, 

Air excess = 100 (11.86 - 8.87) /8.87 = 33.6 per cent. 


The 7 N in equation (19) repr(‘sents the N sup})lied l)y the air less the 
negligible amount furnished by the coal itself. Since tlu' nitrogen con- 
tent of air is 77 per cent of th(' weight of the air, we have 


in which 


A2 = 


7N 

3 (CO.> + CO) ■ 


0.77 


3.03 N 
CO. + CO 


( 21 ) 


A 2 = the weight of dry air supjdied per pound of carbon burned. 

N, CO 2 , CO = percenta^i^'s by volunui of nitrogem, carbon dioxide and 
carbon monoxide in the hue gas. 

For the example cited alK)V(‘: 


A 2 = 3.03 X 81.2 (12.8 + 0.6) = 18.36 lb. 


For the coal under consid(‘Tation: 

Dry air per lb. = 0.65 X 18.36 = 11.93 


This checks approxiniab^ly with results calculated from equation (20). 

The term 7 N in ecpiation (19) neglects tlu' nitiogcm contemt of the fuel 
itself, and for this reason the formula is not api)lit;ablc to fuels high in 
nitrogen, as for example, I )lasl -furnace gas. 

The })ercentage of CO 2 by volume, in tlu* dry gaseous products, for 
complete combustion of sevc'ral clasvsos of fu(‘ls with varying air excess 
is shown in Fig. 14. 

For a given furnace and a given fuel, there is a definite' air excess which 
gives the maximum ovenall comnK'rcial efficic'.ncy, but this can be deter- 
mined only by acjtual service b'st. 

Effect of Air Excess on Flue Temperatures and on Efficiency: Power, Apr. 22, 1023, 
p. 634. 

, 48 . Temperature of Cembustion. — The actual temperature' of the^ fur- 
nace, fuel bed, or any otli(;r part of the furnace equipment is most 
satisfactorily determined by means of a suitable pyrometer. Great 
care, however, must be used in making such measurements, as shown in 
Bui. 145, U. S. Bureau of Mines, 1918, by Kreisinger and Barkley. The 
maximum theoretical temperature r(\sulting from the combustion of any 
fuel may be calculated from the simple relationship 

Heat absorbed = heat given up 
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Assuming that all the heat generated is absorbed by the products of 
combustion, this relationship may be expressed 

wc {ii — t) H (22) 

in which 

w = weight of the products of combustion, lb. per lb. of fuel 
c = Jiieaii specific htiat of the products of combustion 
<1 = final ternpcu'ature of the products of combustion, deg. fahr. 
t = initial temperature of the fuel and air supply, deg. fahr. ‘ ^ 

H = heat actually liberated by the combustion of the fuel, B.t.u, pier lb. 

The final temperature, /i, as calculated from equation (22) is purely 
hypothetical and can never b(^ rc'alized in prgetiese, because no apparatus 
has been construct'd which permits all of the heat liberated to be absorbed 
by the products of coml)ustion. In any kind of an enclosed furnace — 
as in a reverberatory, or a blast furnace, or l)eehive oven — temperatures 
calculated by means of ecpiation (22) are much nearer the actual value 
than those found in boiler furnaces, chiefly on acicount of the heat radiated 
from the fuel bed or furnace' walls to the cooler surrounding surfaces. By 
including a suitable factor for radiation, equation (22) may be used for 
approximating the actual temperature of combustion; but attention 
should be called to the fact that this factor (as well as re, c, i, and H in 
equation (22)), is the product of many variables and requires careful 
analysis for even approxifuate rc'sults. If r = heat radiated to and ab- 
sorbed by the surrounding cooler surfaces, B.t.u. per lb. of fuel, equation 
(22) may be expressed 

%vc {ii — t) + r = H (23) 

The weight of th(' gaseous products of combustion may be calculated 
from the fluc'-gas analysis, as shown in paragraph 40, or it may be pre- 
determined foi’ any assumed air excess and (iompleteness of combustion, 
as shown in })aragraph 45. The mean specific heat may be clostdy ap- 
proximated, as shown in the latter part of this paragraph. The h^ 
actually liberated by the combustion of the fuel .may be obtained witn^ 
fair degree of accuracy by subtracting the heat loss due to incomplete 
combustion from the total heat value of the fuel. The amount of heat 
transmitted by radiation may be roughly approximated from equation 
(42). 

Example 13. — Required the theoretical temperature of combustion 
of carbon in air, if 50 per cent air excess is necessary for complete combus- 
tion and there is no radiation or other loss; initial temperature of air 
and fuel, 60 deg. fahr. Required also the amount of heat transmitted by 
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radiation if the actual temperature is 500 degrees less than the theoretical 
maximum. 

Solution. — One lb. of carbon requires 11.58 lb. of air for complete 
combustion without air excc'ss; therefore, the weight of the gaseous 
products for 50 per cent air e.xcess = 1.5 X 11.58 + 1 = 18.37 lb. Sub- 
stituting w = 18.37, c = 0.21)5 (assumed), t = OO in equation (22) and 
reducing 

18.37 X 0.205 (^1 - 60) = 14,000 
ii = 3100 deg. fahr. (approx.) 

Since the actual temperaturf^ = 3100 — 500 = 2000, the amount of heat 
transmitted l)y radiation may be calculated by substituting this value 
for r in equation (23) thus: • 

18.37 X 0.205 (2000 - 00) + r = 14,000 
r = 2235 Ibt.u. per lb. of car})on, or 
15.3 per cent of the caloiihc value of the find. 

In modern stoker-fired furnac(\s where a large* portion of the boiler 
heating surface is exposed to radiation, as much as 50 per (!ent of the 
total heat absorb(*d by th(^ boiler is transmitt(*d through radiation. In 
enclosed furnac(*s of the Dutch Oven” type, this quantity is frequently 
less than 10 per cent. 

In practice, the maximum furnace* temperature is limited by the soften- 
ing point of th(* refractori(‘s and th(^ formation of objectionable clinker. 
In order to maintain a sah* fu(*l-b(*d tempc'rature, and at the same time 
reduce the amount of aii' exc(‘ss to a minimtim, a large portion of the 
boiler heating suiface is exposed to direct radiation from the fuel bed. 

For an excellent artick* on the r(‘lation between furnace temperatures, 
excess air, and the rate of combustion, see “ ( 'ombustion of Coal,” by 
R. B. MacMullin, CovihuHlion^ May 1922, p. 224. 

Data r(dative to the sp(*cific h(*ats of gases are rather discordant. The 
following (equations arc* considered to be as nearly accurate as any. (See 
Principles of Thermodynamics, C. A. Goodenough, 3rd. ed. p. 275.) 


N 2 and CO, 

C 

= 0.246 

+ 

0.000,009 t 

(24) 

O 2 

c 

= 0.215 

+ 

0.000,008 t 

(25) 

H 2 

c 

= 3.44 

+ 

0.000,135 t 

(26) 

Air 

c 

= 0.238 

+ 

0.000, 0086< 

(27) 

CO 2 

a 

= 0.2 

+ 

0.000,03651 - 0.000,000,004 1^ 

■ (28) 

H 2 O 

c 

= 0.433 

+ 

0.000,04321 + 0.000,000,0023 F 

(29) 


C = mean specific heat at constant pressure between zero and t deg. 
fahr. 

Between 2000 deg. fahr. and 2800 deg. fahr., the results are uncertain, 
aid dependence can be placed only in the first two significant figures in 
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the decimal. Beyond 2800 deg. fahr., the results are purely conjectural, 
since experiments have not been made at these high temperatures. 

If the mean specific heats, Ci C 2 . . . c„, and weights wi W 2 . . • Wn, 
of the constituent gases of a compound are known, the mean specific 
heat of the compound may be determined as follows: 

^ _ WiCi + UJ2C2 . - - . + WnCn 

c • (30) 

The application of equations (24-29) at high temperatures to equations 
(22-23) necessitates laborious cah^ulations; and since the results are only 
approximate at the best, cxtrerqc refinement in calculation is without 
purpose. The curves in Fig. 15 are plotted from these equations \and 
afford a means of approximating the specific® heat without the laboi- of 
solving the equations. 



Fia. 15. Mean Specific Heat of Gases. 


49. Losses In Burning Fuels. — A boiler, in order to entirely utilize 
the heat of combustion of the fuel, must be free Jrom radiation and lea5>*^ 
age losses, the fuel must be completely burned, and the products of com- 
bustion must be discharged to waste at a temperature somewhat below 
that of the initial fuel and air supply. While it is possible to design a boiler 
and furnace to effect this result within 1 per cent or so of perfection, such 
an installation would not be a commercial success with fuels at the present 
price, because of high first cost and cost of operation and maintenance. A 
boiler which absorbs 85 per cent of the heat value is exceptional, and an 
average figure for very good practice is not far from 80 per cent. The 
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various losses, including the heat utilized, constitute the boiler and fur- 
nace “ heat balance.” The losses usually considered are: 

Developed heat discharged through stack 

1. Dry chimney gases 

2. Moisture in fuel 

3. Moisture from combustion of hydrogen 

4. Moisture in the air 

Fuel losses 

a. Loss due to carbon monoxide 

h. Loss of fuel through gratc^ 

c. Unbumed fuel (other than carbon monoxide) 

Radiation and unaccouiitcHl for. 

Some of these losses are ju’eventable ; others are inherent and cannot 
be avoided. 

The h(^at losses incident to the (lombustion of fuels in boiler units are 
the products of many variables; and while it is possible to establish 
empirical rule's whi(;h give satisfactory results within a limited range, the 
rational calculations ar(' comparatively simple and therefore no attempt 
will be made to iiujludc* ejiipirical factors. (k)nsiderable time, however, 
may be saved by substituting constants for variables and reducing the 
equation to its simplest form, providc'd the variation in the assumed 
values for the constants is not sufficiently great to seriously affect the 
results. 

50. Sensible Heat Lost In the Dry Chimney Gases. — This loss depends 
upon the nature of the fu('l, type and ])roportions of boiler, furnace and 
setting, and upon the rate of driving. It is usually the greatest of all the 
losses. The heat carried away may be expressed: 

hi = w {tc - i) c, (31) 

in which 

hi = B.t.u. lost per lb. of fuel 
^ y) = weight of dry chimney gases per lb. of fuel 
• tc = temperature of the escaping gases, deg. fahr. 
t = temperature of the air entering the furnace 

c = mean specific heat of the dry gases. (This may be taken aa 0.24 
for most purposes.) 

A glance at equation (31) will show that this loss may be reduced (1) 
by decreasing the weight of the products of combustion and (2) by re- 
ducing the temperature difference between the air entering the furnace 
and the flue gas leaving the boiler. 
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To reduce the weight of the products of combustion, the air excess must 
be lowered. For a given furnace and boiler equipment, and fuel, there 
is a definite air excess which gives the maximum overall efficiency, but 
this can be determined only by actual service test. With gaseous, liquid, 
and powdered fuels, this excess may be kept within 10 to 20 per cent 
over theoretical air requirements, but with bulk fuels, the minimum ex- 
cess is seldom less than 35 per cent, ex(;cpt in connection with scientifi- 
cally operated large plants. In the average plant, the excess ranges from 
50 to 200 per cent or more. 

The temperature difference between the air supply and flue ga^ may 
be reduced by preheating the air, or by lowering the flue gas temperature, 
or both. Unfortunately, this tefnperatiire difft'rence for a given equip- 
ment and fuel is a function of the air excess an^l rate of driving, and there- 
fore cannot be reduced per ne. This is on the assumption, of course, that 
neither economizer nor air preheater (dement is installed. 

It is i) 0 ssible to abstract as much heat from the flue-gases liy the air pre- 
heater as with the economizer. By using air in this manner, the maximum 
opportunity for raising the turbine room efficiency is offered, and in the 
boiler room the same heat from the flue-gases can be recovered but with ad- 
ditional intermediate improvement in combustion efficiency. Combustion 
reactions are greatly accelerated by increasing the temperature, and with 
preheated air it is therefore possible to more nearly obtain (complete com- 
bustion with lower percentage of air both on the grate and in the combus- 
tion chamber. Preheating ^ir not only increases efficiency but makes possi- 
ble higher rate of combustion with low ashpit losses. See paragraph 264. 

Considering the temperature of the air supply as atmospheric, 
which is the case in the great majority of installations, the tempera- 
ture difference can be reduced only by lowering that of the flue gas. 
This may be readily accomplished through the use of economizers (see 
paragraph 261), but for the boiler proper, air excess above the mini- 
mum for best efficiency usually results in increased flue-gas tempera- 
tures, though, of course, it is possible to (jarry this dilution to a point 
where the flue-gas temperature wdll be lowered. The theory involved 
in this apparent anomalj^ includes such factors^ as heat-transfer rate's^ 
difference in temperature between the gases and the absorbing surface, 
the percentage of the total heat absorbed through radiation and con- 
vection, and so on; but the fact remains that for a given equipment, fuel, 
and load, air excess above a certain minimum results in increased flue- 
gas temperatures. A high percentage of CO 2 is frequently accompanied 

^ Preheat and Excess Air on Combustion of Fuel: Power, June 14, 1921, p. 960; Aug. 
30, 1921, p. 339; Nov. 29, 1921, p. 844; Apr. 22, 1924, p. 634. 
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by a high CO content, soniotimes leading to secondary or delayed combus- 
tion between the boiler tubes, and resulting in increased temperature of 
the flue gases. The tenipt'ralnrc of the Hue gas cannot be made lower 
than that of the heat-absorbing surface with which it was Last in contact, 
and, as a matter of fact, ranges aiiyw'here from 15 to 400 degrees above 
that minimum. See Figs. .55 and (i5. 

The heat discharged by the dry chimney gases ranges from 3.8 per 
cent of the total heat generat'd in the best recorded performance of a 
powdered-coal plant with economizer, to 30 i)er cent or more in poorly 
operated bulk-fuel plants. S('e typical beat balances, H''ables 18 and 19. 
The curves in F'ig. 10 give the dry chimnc'y-gas loss for different fuels 



Fio. 10. Helution Between the Sensible Heat Ijo.ss in the Dry Hue Gases and the 
Per tVnt of (Xlj for tXmijilete Goinbu.stion of Tyiiical Fuels. 


with varying degrees of air excess, as indicated by the COa content for 
each 100 degrees difference in temiieraturi' between that of the air sup- 
ply and the flue gas. 

Example 14 . — ( Calculate the seu.sible heat loss in the dry chimney 
gases if pure carbon is comiiletely burni'd with 50 per cent air excess; 
initial temperature 60 deg. fahr; flue-gas tempiirature 460 deg. fahr. 

„ Solution. — The weight of dry chimney gases for the complete com- 
bustion of pure carbon with 50 per cent air excess is Ui X 11.58 -h 1 = 
18.37 lb. per lb. of carbon. Substituting w = 18.37, t = 60, tc = 460 
in equation (31) and reducing we have 

hi = 18.37 (400 — 60) 0.24 = 1763 B.t.u. per lb. 

1763 -j- 14,600 = 0.12 = 12 per cent of the heat value of the carbon. 

51 . Heat Loss Due to Evaporating the Moisture In the Fuel. — Moisture 
in fuel reduces the efficiency of the steam-generating apparatus by dis- 
charging heat up the stack in the form of highly superheated steam. 
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Except with green fuels very high in moisture content, such as bagasse, 
tanbark, wood and the like, the heat loss is of small consequence. On the 
other hand, many coals burn to better advantage when properly tempered 
(moistened) than when burned dry. According to tests conducted by 
T. A. Marsh^ with Western coals, (1) properly tempered coal has less 
resistance to air flow than either very wet or very dry coal, (2) very wet 
coal has less resistance to air flow than very dry coal, (3) properly tempered 
coal burns to a cleaner ash by decreasing’ the fuel-bed resistance, and (4) 
properly tempered coal causers less siftings than dry coal and is produc- 
tive of fewer holes in the fire bed. Exhaust steam for temperinj^ pur- 
poses gives very satisfactory results and is extensively usr^d. See also 
paragraph 103. • 

The loss due to evaporating the moisture may be exprt^ssed 

= w [H - Cl {t - 32) + c' {ic - V)] (32) 

in which 

/i 2 = B.t.u. lost per lb. of fuel, 
w = weight of freci moisture per lb. of fuel, 

H = total heat of 1 lb. of saturated sb^am above 32 deg. fahr., corre- 
sponding to the temi)eraturc at which evaporation takes place. 
Cl = mean specific heat of water, 32 to t deg. fahr. 
t = temperature of the fuel, deg. fahr., 
c' = mean specific heat of the water vapor, tc to t deg. fahr., 
ic = temperature of the /*,hiiiiney gas, 

i' = temperature at which evaporation takes place, deg. fahr. 

The temperature at which evaporation begins is low because of the 
low partial prt^ssure of the vapor in the gaseous products of com- 
bustion and may range from 70 to 120 deg., depending upon the 
composition of the gases and the amount of moisture evaporated. 
Fortunately, the term H — c'f' is practically constant for a wide 
range of t' and consequently a knowledge of the actual value for each 
set of conditions is not necessary for the purpose at hand. 

Assuming c' = 0.455, Ci = 1 and taking H from the steam tables for ^ 
values ranging from = 70 to f = 120 deg., we find that II — 0.455 t' = 
1058.7. Substituting this value in equation (32) and reducing 

h 2 = w (1090.7 - t + 0.455 Q (33) 

The loss due to superheating the free moisture under average boiler 
operating conditions is approximately 12.5 B.t.u. for each per cent of 
moisture. Thus with wood waste containing 50 per cent moisture, the 

^ Power Plant Engineering, Feb. 15, 1923, p. 215: Combustion, Jan. 1924, p. 37. 
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loss would be about 15 per cent of the heat value of the fuel as fired. 
With ordinary good coal, the loss seldom exceeds 0.5 per cent of the heat 
value of the fuel as fired. 

What Happens to Moisture When it Enters the Furnace: Power, Oct. 30, 1923, p. 
700; Dec. 18, 1923, p. 1001. 

52. Loss Due to the Combustion of Hydrogen In the Fuel. — The 

hydrogen (other than that in the free moistiir’e) in any fuel burns to 
water, and in so doing liberates a certain amount of heat. All of this 
heat is hot available for producing steam in th(‘ boiler, since the watei* 
formed by combustion is discharged with the flu(‘ gas(;s as superheated 
steam at chimney teiiip(‘rature. This Iqss is equal to 

hz = 9/7 (1090.7 - t + 0.455 Q (34) 

in which 

hz = B.t.u. lost per lb. of fuel 

7/ = weight of hydrogen jier lb. of fuel. 

All other notations as in (^piation (32) and (33). 

With anthracite (!oal this loss is approximat('ly 2.5 per cent of the total 
heat value of the coudnistibh*, and with bituminous coal it runs as high 
as 4.5 per cent. With fu(‘l oil the loss is approximately 0.5 per cent, and 
with coke-oven gas alxnit 14 per cent of th(^ heat value of the fuel. With 
economizers., these loss(\s may be reduc-(‘d considcTably. 

53. Heat LoSvS Due to Superheating the Moisture in the Air. — The loss 
due to this cause is a minor one, though on hot humid days it may be 
appreciable. Except in very carefully conduced boiler tests, it may be 
disregardi'd, since its value is usually less than the errors of observation 
of many of the influencing factors. This loss may be expressed: 

/u = ivc {tc — t) (35) 

in which 

hi = B.t.u. lost per lb. of fuel, 

w — weight of moisture introduced with the air per lb. of fuel, 
c = mean specific heat of water vapor, i to tc deg. fahr., 
t = temperature of air entering the furnace, deg. fahr., 
tc = temperature of chimney gases, deg. fahr. 

w = zdvA (36) 

in which 

2 = relative humidity (see paragraph 409), 

d = weight of 1 cu. ft. of water vapor at t deg. fahr. (this may be 
taken directly from steam tables). 
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V = volume of 1 lb. of dry air plus its moisture content at t deg. fahr,, 
cu. ft. (for the purpose at hand this may be taken as the 
volume of 1 lb. of dry air). 

A = weight of dry air supplied per lb. of fuel. 

This loss seldom exceeds 0.5 \wv cent of the heat value of the com- 
bustible portion of the fuel and is ordinarily less than 0.3 per cent. 

Example 16. — ( -alculate the heat lost in sui)erheating the moisture in 
air under the following conditions: Temperature of air entering furnace, 
100 deg. fahr. ; temperature of One gas(\s, 550 deg. fahr.; relative hu^iidity 
of air entering furnace, 40 per c.ent; w(4ght of air supplied per \h. of fuel, 
18 lb.; heat value of the fuel fired, 12,500 B.t.u. per lb.; standard at- 
mospheric pressure. 

Solution. — From steam tables for t = lOl), we find d = 0.00285 lb. 
and by means of ecpiation (8) we calculate v = 14.11 cu. ft., A = 18 lb., 
and z = 0.40 as stated. Substituting tluisc^ values in (equation (3()) and 
reducing, we have w = 0.40 X 0.00285 X 14.11 X 18 = 0.20. 

c may be taken as 0.40. Substituting c = 0.4(), ic = 550 and t = 100 
in equation (35) and rcxlucing we have 

//4 = 0.29 X 0.40 (550 - 100) 

= 00 B.t.u. per lb. of fuel. 

60 12,500 = 0.005 = 0.5 of 1 pen* cent of th(' heat value of the fuel. 

54. Loss Due to Carbon Monoxide. — In the absenc.e of sufficient oxygen 
for their complete combustion, th(‘ complex hydrocarbons, constituting 
the volatiki matter leaving the fuel bed, are quickly decomposed by the 
high furnace temperature into soot, H2 and CO. The formation of the 
latter is due to the presence of CO2 and the small supply of oxygen. 
The persistence of CO in the furnace gases is due' to the constant reaction 
between soot, II2 and CO2, and not to the difficulty of burning it. CO 
comprises approximately 80 per cent of the combustible gases; the other 
20 per cent consists mainly of hydrogen and a tracie of methane (CH4). 
Unless sufficient oxygen is presemt to completely oxidize the products of 
distillation within the combustion zone, or th(^ mixture of air and gas«e 
is not thorough, or the temperature is below tlio ignition point of the 
gases, some of the carbon may escape as (^O. The presence of even a 
small amount of CX) in the flue gas is indicative of an appreciable heat 
loss, as will be seen from Table 13. CO is invisible, and its presence in 
the flue gases therefore cannot be detected except by analysis. 

If C is the proportional part of the carbon in the fuel which is actually 
burned, and CO 2 ' + CO' = percentage by weight of the CO 2 and CO in 
the dry flue gas, then the weight of carbon in the CO 2 = 3/11 CO 2 ', and 
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that in the CO = 3/7 CO', and the weight Wa, of C’O per lb. of fuel as fired 
is 


W,o = C 


CO' 


3/11 CO/ + 3/7 C'O' 


(37) 


If CO2 and CO = percentage by volume of these constituents, then 
CO2' = CO2 X 44/38.') and ('()' = CO X 28/385. (See equation 7.) 
Substituting these values in equation (37) and reducing, we have 


Wco = C 


7 CO 


3 (CX)2 + CO) 


(38) 


But 3/7 of the weight of the monoxide ^is carbon; therefore, the weight 
of carbon, We, in the CO content of the flue gas, per lb. of fuel as fired is 
3/7 Weo or • 


Wc = C 


CO 


CO2 + CX) 


(39) 


Since the heat of combustion of C to CO is 4,440 B.t.u. against 14,600 
B.t.u. for complete combustion of C to CX)2, the heat loss may be 
expressed 

h, = w, (14,000 - 4.440) = (/ (40) 

in which 

/15 = heat loss due to the esea]x^ of ( K), B.t.u. per lb. of fuel as fired. 

Other notations as previously defined. 

This loss may be reduced to a nep;lip;ible quantity in a properly de- 
signed and carefully operated furnace. In fact the loss from this cause 
is often exaggerated and s(*ldoin excec'ds 1 per cent of the total heat value 
of the fuel except during the few moments following the replenishing of a 
bumed-down fire with fresh fuel or when the supply of air is checked to 
meet a sudden reduction in load. In improperly designed furnaces in 
which the volatile gases and air supply are not thoroughly mixed before 
leaving the furnace, or wherci the temperature of the products of com- 
bustion is reduced belqw the ignition point of the gases before oxida- 
tion is complete, a considerable amount of CX) may escape unburned, and 
in such a case the loss may prove to be a serious one. 

High efficiencies necessitate mininiuni air excess; hence the presence of 
a small amount of (X) may be expected in the flue gas for high percentages 
of CO2. In a number of recent tests of modem central station boilers 
operating 150 to 350 per cent of standard rating, the loss due to the es- 
cape of CO in the flue gas ranged from 0.2 to 1.95 per cent of the heat 
value of the fuel (western bituminous) with a general average, extended 
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TABLE 13 

LOBS DUE TO INCOMPLETE COMBUSTION OF PURE CARBON TO CARBON MONOXIDE 
Per Cent of the Calorific V'alue of Carbon 


Per Cent by Volume of CO 2 in the Dry Flue Ouh 



4 

fi 

[ 

8 

10 

12 

14 

16 

18 

0.1 

1 70 

1 . 15 

o.so 

0.59 

0 53 

0 49 

0 43 

. 0 39 

0.2 

3 33 

2 20 

J 70 

1 37 

1.15 

0 99 

0 8() 

1 0,77 

0 3 

4 89 

3 33 

2 53 

2 07 

1 70 

1 47 

1 29 

\1 15 

0.4 

6 37 

4 35 

3 33 

2 09 

2 2() 

1 94 

1 70 

\l.37 

0.5 

7 79 

5.3S 

4 12 

3 33 

2 80 

2.41 

2 12 

4.89 

0 0 

9 41 

0.30 

4 88 

3.90 

3 33 

2 87 

2 fxl 

2 26 

0.7 



5 14*' 

4.58 

3 SO 

3 33 

2 93 

^.04 

0.8 


8.24 

() 30 

5 18 

4 37 

3 7S 

3 33 

2,98 

0 0 


9.14 

7 08 

5 28 

‘1.S8 

4 23 

3 73 

3 33 

1 0 



7 78 

0 3() 

5 38 

4.00 

4 22 

3 08 

1 2 



9 12 

7 50 

0 30 

5 02 

4 88 

4 37 

1 .4 




8 59 

7 31 

() 30 

5.03 

5 05 

1 0 




9.05 

8 22 

7 IS 

0 30 

5.70 

1.8 





9 14 

7.98 

7 08 

6.37 

2.0 






8 75 

7 78 

7.00 


Iloiit value of carbon asHunied to bo 14,000 B t.u pci lb. 

The entire carbon content of the fuel aasumed to bo burned to CO and CO 2 . 


over several days, of 0.4 pc'r c-oiii. In these tests the per cent of CO 2 in 
the flue gas ranged from 11.95 to 15.45. The C'O content appears to in- 
crease with the increase in CO 2 and furnace temperature, as shown in 


0 

1 

0.S 'S 


0.2 0 


Fig. 17, the curves of which are based on tests of a 250-hp. Heine boiler, 
hand-fired. Almost complete absence of CO is to be expected with 
moderate air excess in any well-designed furnace; but it is possible for a 




Fig. 17. Relation of Gas Composition to Temperature. 
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high percentage of CO and a great excess of air supply to exist at the 
same time, though this combination is not likely to occur in a properly 
designed and correctly operated furnace except at very low rates of com- 
bustion. See Table 14. 


TABLE 14 

RELATION OF CO AND COMBTTSnON-CHAMDER TEMPEIIATURES 
(U. S. (Geological Survo> ) 


Per Cent of Black Smoko 



1 

0 

0 .) 10 

10 lo 20 

20 (0 30 

30 to 40 

40 to 50 

50 to 60 

Number of teHts ... 

:i7 

18 

56 

51 

36 

17 

4 

Average per cent of smoko 

(1 

7 1 

15 5 

24 7 

34 7 

43 1 

52.9 

Average per cent of CO in line gases 

Average per cent unaccounted for in lioat bal- 

0 05 

0 11 

0 11 

0 14 

0 21 

0 33 

0.35 

ance - . 

0 14 

10 60 

0 46 

10 03 

11 41 

13 41 

13 34 

Number of testa* . . . 

Average conibustion-cluiinbor temperature 

26 

16 

48 

45 

32 

17 

4 

(deg. fahr.) . , 

21 KO 

2215 

2357 

2415 

2450 

2465 

2617 


*' TemporaluroH lu coiiibuHtioii cliaiiiber were not detoniiiuod on all tents. 


Example 16. — Calc-ulatt^ the heat loss due to the escape of CO in the 
flue gas for the following conditions: Per c(mt (K) and CO 2 by volume 
in the flue gas, ().(> and 12.8, r(*spectively; analysis of coal as fired — C 
65, ash 0.13, B.t.u. pt^r lb. 11,850; combustible in dry refuse, 20 per cent. 

Solution. — Carbon actually burned = 0.65 — 20 X 13/(100 — 20) = 
0.6175 lb. per lb. of coal as fired. Sut)stituting this value for C in equa- 
tion 40, noting that CO = 0.6 and CO 2 = 12.8, and solving 

H, = 0.6175 X 10,160 X 0.6/(12.8 + 0.6) = 281 B.t.u. per lb. 

281 11,850 = 0.0237 or 2-37 per cent of the heat value of the coal 

as fired. 

55. Loss of Fuel Through Grate. — The refuse from a fuel is that portion 
which falls into the pit in the form of ashes, unburned or partially burned 
fuel and cinders. 

In steam boiler practice the unconsumed carbon in the ashpit ranges 
from 10 to 50 per cent of the total weight of dry refuse, depending upon 
the size and quality of coal, type of grate, and rate of driving. The loss 
resulting from this waste of fuel ranges from 1.5 to 10 per cent or more, 
of the heat value of the fuel. It is imiiossible to assign a minimum value 
because of the various influencing factors, but numerous tests of recent 
installations, equipped with mechanical stokers, indicate that actual loss 
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ranges from 1.5 to 5 per cent of the heat value of the fuel at normal driv- 
ing rates. Coal which necessitates frequent slicing is apt to give greater 
losses from this cause than a free-burning coal. 

Extensive tests conducted by the American Gas & Electric Co. (Regi- 
nald Trautschold, Power, Feb. 22, 1916, p. 256) show that the actual 
yearly loss due to combustible in the refuse is not directly proportional 

to the combustible content, but 
increases as shown by the ‘^actual 
loss” curve in Fig. 18. Thus, 
the leduction of the combustible 
content from 10 per cent to ^ per 
cent effects a yc'arly saving in 
the ratjo of 12.98 to 5.83 instead 
of 10 to 5. The percentage of 
combustible in the refuse also 
app('ars to increase with the in- 
2 4 6 fl 10 12 14 16 18 n'TP'tcp iTi iTiifliil imh eontent 

Equivalent Goal Lobb Due to Combustible in Afih. Per Cent CrcaSC IJl UllLiai asil tOllLCIlL. 

-- n IT +11 some types of natural-draft 

no. lo. Coal Loss Due to Com) ms til )le . 

In traveling grates in which a large 

percentage of the fine fuel falls 
through the front end of th(' grate, a siiecial hopper is ordinarily installed 
in the ashpit which reclaims most of it. (See Fig. 167.) 

If he = calorific value of combustible in the dry refuse, 
y = percentage of combustible in the dry refuse, 
a = percentage of ash in the coal as fired, 
h% = heat loss in the refuse, B.t.u. per lb. of coal as fired. 

Then, assuming that all the ash in the fuel as fired appears in the ashpit, 
the weight of combustible in the ashpit may be expressed as ija 100 
(100 — y) lb. per lb. of fuel as fired, and the heat loss as 



For the average boiler test, the calorific value ot the combustible in thc^ 
dry refuse may be taken as that of pure carbon, but for accurate results 
calorimetric determinations are necessary. 

Equation (41) should not be used if an appreciable amount of the ash 
is deposited throughout the setting or discharged through the stack. 
In this case the refuse in the ashpit should be weighed and analyzed for 
combustible. 

Loss Due to Carbon in Furnace Refuse: Power, Sept. 23, 1919, p. 600. 

Ashpit Losses: Combustion, Aug., 1923, p. 175. 
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56. Loss Duo to Visible Smoke. — Sool is fojinod by the inconipleie 
combustion of the hydrocarbon constituents of a fiud. All hydrocarbons 
arc unstable at fumaei' tenii)eratures, and unless air to insure complete 
combustion is mixed with them at the time they are distilled, they are 
quickly decomposed, the ultimate product consisting:; mostly of soot, Ha 
and CO. Soot is formed at the surface of the fuel bed by heating tlic 
hydrocarbons in absence of air; it is not formed by the hydrocarbons 
striking the comparatively cool heating surface of the boiler. As a matter 
of fact, only a small trace' of hydrocarbon gases rc'ach(\s the boiler heating 
surface, provided there is a supi)ly of air abovc^ the fire; hydrocarbons 
that do so are prevented fjoni dc'composition by the reduction in tem- 
perature due to contact. Once formed, it is difficult to burn it in the 
atmosphere of the furnace, because the oxygen is greatly rarefied, the 
gases containhig only a few* })er cent of free oxygen. 

Experience with burning soft coal shows that, if soot is once formed, 
a large percentage nanains floating in the gases after all the other gaseous 
combustibles have b('en comidetely burned. Part of the soot is deposited 
on the tubes and throughout the boiler setting, while the rest is discharged 
through the stack with th(' gasi'ous products of combustion. A smoky 
chimney docs not necessarily indicate an inefficient furnace, since the 
fuel loss due to visible smoke seldom exceeds 1 per cent. See Table 15. 
As a matter of fact, a smoky chimney may be much more economical 
than one that is smokeless. Thus, a furnact^ operating with very small 
air excess may cause considerable visible vSinoke and still give a higher 
evaporation than one made smokc'k'ss by a v('ry large air excess. There 
will be some loss due to CX), unburned hj^drocarbons, and soot in the 
former case, but in the latter this may b(* offset by the excessive loss 
caused by the heat carri(^d away in the chimney gases. In general, how- 
ever, smoky chimneys indicate serious losses, not because of the soot, 
but on account of the uiibui-ned, invisible combustible gases. (See 
Table 17.) The loss under this paragraph heading refers strictly to the 
visible combustible discharged up the stack and not that deposited on 
the tubes and in various parts of the setting. With natural draft the 
latter seldom (exceeds a fraction of 1 per cent of the heat value of the fuel. 
• In case of very high rate of combustion under forced draft, the loss due 
to combustible in the cinders may range as high as 10 per cent or more. 
A well-designed furnace, properly operated, will burn many coals without 
smoke up to a certain rate of combustion. Further increase in the amount 
burned will result in smoke and lower efficiency due to deficient furnace 
capacity. Small sizes of coal ordinarily burn with less smoke than larger 
sizes, but develop lower capacities. In the average hand-fired furnace, 
washed coal burns with lower efficiency and makes more smoke than raw 



102 


STEAM POWER PLANT ENGINEERING 


coal. Most coals that do not clinker excessively can be burned with a 
smaller percentage of black smoke than those which clinker badly. For 
means of determining smoke density, see paragraph 354. 


TABLE 15 

QUANTITY AND HEAT VALUE OF SOLIDS IN VISIBLE SMOKE 

(Ritiiiiiinous Coal) 


From the Uoport of the Chicago AHHociation of Comiiierce Committee of Investigation ofn 
Smoko Afiateirienl. (11)12) i 


Tojst Number 

Smoko Doiisity 

Per Cent 

« 

Solids in Visible Smoko ^ 

Per Cent by Weight 
of li'uel h’ired 

Per Cent of tlio^lleat 
Value of the Fuel *J^’ired 


Fires with High Smoke Den.'uty 

\ 

3 

21 97 

0 83 

0 28 

17 

20 00 

0.7.') 

0 .% 

10 

20 00 

1 10 

0.95 

30 

15.80 

0 65 

0 49 

29 

14.50 

0 82 

0 49 

Average 

18 45 

0 63 

0 51 


Fires with I<ow Smoke Doiihitv 


56 

0 

0 51 

0 21 

57 

0 

0.30 

0 08 

80 

0 

4,07 

0 74 

81 

0 

1 81 

0 48 

85 

0 

0.47 

0.11 

Average 

0 

0.47* 

0.32 


* Average of 10 plant teats not including Test No, 80, 


TABLE 16 

CHEMICAL COMPOSITION OF THE SOLID CONSTITUENTS OF SMOKE 
(Chicago Association of Commerce ) 


Per Cent of Total Sohda 


Kind of Fuel 

Hydrocarbons 

(Tar) 

Combustible 
Solids 
(Carbon ) 

Mineral 
Matter 
(A.sh) - 

Sulphur 

Total 

High-pressui o Plants • ^ 

Pocahontas, . . 

3 08 

41.45 

52.39 

3 08 

100 

Bituminous., 

4 19 

32 80 

59.93 

3 08 

100 

Low-presaure Plants 

Anthracite 


31.88 

67 30 

0 0 

100 

Pocahontas 


54.90 

33.47 



Bituminous 

HK9 

44.06 

22.12 

2 39 
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TABLE 17 

ANALYSIS OF ('HIMNEY GASES 





Smoky 





Clear 



Boiler 













CO. 

o.> 

CO 

CII4 

II2 

Na 

CO. 

o«. 

CO 

cm 

Hi 

Ns 


No. 1, liand-fVetl - { 

11 00 

0 00 

0 00 



HI JO 







10 or) 

() L5 

2 15 



80 75 







No. 1, with smoke-pro- 

1 





/ 

7 (X) 

13 50 

0 



79 50 

veiition device . 

No. 2, liand-lirod 

f 

10 25 

K 00 

.50 

0 

0 

- • 1 

80 05 

9 (K) 

9 75 

0 



81 25 

No. 3, hand-firetl 

No. 4, fire under ciiuatu* 

13 25 

3 50 

05 

0 25 

0 

82 05 







pot, hund-lirod . 

No. 5, split bridge, 

10 0,5 

1 30 

« 00 

70 

3 23 

80 82 







hand-hred 

No. 6, with smoke-pre- 
vention devnee 

No 7, with smoke-pre- 

8 75 

7 00 

3 25 

.40 

1 00 

79 60 

7 25 

12 (H) 

0 

0 

0 

SO 7.5 

veuiiOQ device 

No. 8, with sinoko-pro- 







7 15 

12 15 

0 

0 

0 

80 70 

vention device 







-S 15 

11 10 

0 

0 

0 

80 75 


57. Radiation and Unaccounted For. — Thc\s(i losses arc usually deter- 
mined by difference. That is, the difforenoe Ix^tween the heat repre- 
sented in the steam and the sum of the loss(‘S ju^t mentioned is charged to 
^ ‘unconsumed hydrogen and hydrocarbons, to radiation, and unaccounted 
for.’^ Unless a(!curate observations have been made in determining the 
various factors entering into the heat balance', the “ radiation and unac- 
counted for loss may repiesent a large percentage of the total heating 
value of the coal. Careful tests on welUhmjned boiler furnaces show that 
the radiation loss seldom exceeds 2 per cent. In case of very poorly in- 
stalled settings or when the rate of driving is very low, the radiation loss 
may be considerably more than this. An examination of the data from 
carefully conducted tests of modern boiler furnaces will show that the 
“ radiation and unaccounted for ” items range from 2 to 6 per cent with 
an average of about 4 per cent. Soot deposited on the boiler tubes and 
throughout the setting, and cinders blown out of the stack under high 
draft pressures may greatly incri'asc the unaccounted for loss, unless 
means are available for determining these factors. 

58. Heat Balance. — Any chart giving the distribution of the various 
heat items constitutes a heat balance. The grea^' the number of sub- 
divisions the more readily is it possible to loc!|t-'‘ che source of loss. In 
everyday furnace practice a determination .le heat balance is seldom 
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attempted because of the expense and difficulty of obtaining the various 
factors entering into the calculations; and even if the expense is of sec- 
ondary consideration, the results arc apt to be more or less approximate. 
This is particularly true in situations where the load is constantly fluctu- 
ating. In general practice the operating engineer is chiefly interested 
in the heat absorbed by the boiler (as shown by the evaporation per 
pound of fuel as fired) and the relative sensible heat loss up the stack 
(as indicated by the percentage of COi in the flue gas and the temjxjratuife 
of the gases in the uptake). The various factors entering into the com- 
mercial boiler heat balance, as r(Hioiinnended ])y the 1915 Code of the 
American Society of Mechanical Engineers,^ are itemized in Table 18; 
According to this cock*., the heat distribution is expressed in terms of dry. 
coal or “ combustible.” When the performance of different installations' 
is to be compared, this offers a most satisfactory ])asis; but the operating 
engineer, in tracing out th('. source of heat loss with a view of bettering 
operation, is chiefly concerncid with coal as fired ” and for this reason 
the heat balancic is commonly expressed in terms of the latter. In the 
preliminary draft of the revised code, the heat balance is expressed in 
tenns of “ fuel as fired ” and dry fuel,” and the heat balance is modified, 
to meet the different combinations of boilers, superheat(‘rs, ('conomizers 
and air heaters, and of solid, licjuid and gas(ious fuels. Sec' Preliminary 
Draft of Revised Code for Siajj^fiary Steam-generating Units, Mech. 
Engrg., Sept., 1923, p. 548. It is impracticable to assign specific limiting 
values to a general heat balance because of the wide range n the various 
influencing factors, such as nature and quality of fuel, type of furnace and 
grate, rate of driving and the like; but for a rough approximation, Table 
18 may be taken as representative practice. 

The heat balances in Table 18 refers to boilers in continuous operation 
and does not include standby losses. (vSec paragraph (iO.) 

The calculations of the various items included in the heat balance are 
best illustrated by a specific example. 

Example 17. — C^alculate the various heat losses from the following 
data; 

Heat absorbed by the boiler, 76 p(u- cent of the calorific power of the ’’coal 
as fired. 

Analysis of coal as fired : 

Per Cent 

Carbon G5 Ash and sulphur 

0?;;yp:en S Free Moislure . 

Hydrogen 5 Nitrogen 

Calorific value as fired, 11,850 B.t.u. 

^ Rules for Conducting Evaporation Tests of Boilers, A.S.M.E., Code of 1915, 


Per Cent 

. 13 

8 
1 
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Flue-gas analysis; 


Per Cent Per Cent 

COj 12 8 CO 0 0 

O 2 5.4 Ni . . . 81 .2 (by difference) 


Temperature of air entering: furnace, 70 dep;. fahr.; temperature of 
flue gases, 470 deg. fahr.; temperature of the steam in the boiler, 340 deg. 
fahr.; relative humidity of aii* entering furnac^c*, 80 jkt cent; combustible 
in the dry refuse, 20 per cent. 

The heat distribution may be referred to the coal fis fired, dry coal, or 
combustible. In this problem it is referred to the coal as fired. 


CALC^ULATION 

Solution. — The combustible in the asfi, referred to th(^ coal as fired, is 
20 X 13 -4- (100 — 20) = 3.25 ])er cent or 0.0325 lb. per lb. of coal. 
Taking this as carbon, the actual weight of carbon l)urn(‘d and appearing 
in the chimney gas is 0.65 — 0.0325 = 0.6175 lb. p('r lb. of coal as fired. 
The weight of dry chimney gas per lb. of carbon is (equation 20) 


4 X 12.8 + 5.4 + 700 
3 (12.8 + 0.6) 


18.82 


For the carbon actually burned, this is 18.82 X 0.6175 = 11.62 lb. 
per lb. of coal as fired. 

The dry air supplied per lb. of carbon burned is (equation 21) 


3.032 X 81.2 

12.8 + 0.6 


18.30. 


For the carbon actually burned, this is 18.36 X 0.6175 = 11.34 lb. 
per lb. of coal as fired. 


DISTUlliUTIOlV OF ACrTUAI. LO.SSKS PEK POTINU OF COAL AS FIRED 


Equa- 

tion 


C'alrulalion 

n L,ii. 

Cor 

Cent 


Heat absorbed by boiler 

0.76 X 11,850 

11.02 X (470 - 70; 0.24 

9,000 

76 00 

31 

Dry chimney gas 

1,115 

9.40 

40 

Incomplete combustion . . . 

0.GJ75 X lO.lfiO X 0.0 ^ 


» 

• 

(12.8 + 0.6) 

280 

2 36 

41 

Combustible in refuse . . 

0.0325 X 14,000 

0.08 11090.6 + 0.46 X 470 - 70| 

474 

4 00 

33 

Moisture in the fuel 

99 

0.83 

' 34 

Moisture from combustion of 




hydrogen 

9 X 0.05 [1090.0 + 0.46 X 470 




- 701 

556 

4.70 

• 35 

Moisture in the air 

0.8 X 0,00115 X 13.2 X 11.34 X 
0.46 (470 - 70) 

25 

0.20 


Hadiation and unaccounted 




for 

By difference 

295 

2.51 


Total 


11,850 

100.00 
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lARLE 18 

TYPICAL HEAT BALANCE — BITUMINOUS COAL — BASED ON COAL AS FIRED 
(No Economizers) 


leiit 

Prar- 

tioe 


Good 

Prac- 

tice 


Aver- 

age 

Prac- 

tice 


Poor 

Prao- 

tice 


Per (^ent of Calorific Value of 
Coal as I'^ired 


Heat absorbed by the boiler 

Loss due to the evaiioration of free moisture in (he coal 
Loss due to the evaporation of water formed by lh(‘ com- 
bustion of hydi‘Off:en . . . 

Loss due to lieat carried away by 1 he diy Hue gas 
Loss due to carbon monoxide 
Loss due to combustibl(‘ in l,he ash and refuse 
Loss due to heat,ing moisture in t he air . 

Loss due to unconsumed hydrogen, hydrocarbons, radi-| 
ation and unaccounted for. . . . 

Calorific value of the coal 


so.o 

75.0 

65.0 

60.0 

0 5 

0.6 

0.6 

0.7 

4.2 

4.3 

4 3 

4 4 

10 0 

13 0 

17.5 

20.0 

0 2 

0 3 

0-5 

1.0 

1.5 

2.4 

4.5 

5.5 

02 

0.2 

0.3 

0.4 

li 4 

4 2 

7 3 

8 0 

100 0 

100.0 

100.0 

100 0 


TABl.E 10 

TYPICAL HIGH-EFFICIEN(’Y HEAT nALANCE — (nO ECONOMIZERS) 

(From Actual Test Results) 

Por C/eiit of Heat V'aluo of Fuel 


Kind of Fuel 

Oil 

Bulk 

Coiil 

Pow- 

dered 

Coal 

Nat- 

ural 

(Ja.s 

Lignite 

Load, per cent rating 

140 

149 

143 

140 

138 

Heat absorbed by boiler 

82.82 

82 4 

82 7 

82.5 

77.0 

Free moisture loss . . 

0 01 

0 6 

0.3 

0.1 

2.0 

Hydrogen-moisture loss 

6.44 

3 S 

4 0 

9.5 

4 5 

Air-moisture loss . . . 

0.15 

0 2 

0 1 

0.1 

0.2 

Dry flue-gas loss 

7 30 

10.0 

9 5 

6 5 

11.0 

Loss due to CO . . 

0 00 

0 3 

0 0 

0 0 

0.0 

Combustible in ash 

0 00 

2.1 

0 4 

0.0 

3.5 

Unaccounted for 

3 2 cS 

0.6 

3 0 

1 3 

1.8 

Total . . 

i(X) m 

100 0 

100 0 

100.0 

100.0 


69 . Inherent Losses. — The heat balance as ordinarily (ialculated gives 
the distribution of the actual losses. Some of these losses may be con- 
siderably reduced or oven entirely eliminated, while others are inherent 
and cannot be prevented. A heat balance giving the extent of the 
inherent losses will show at a glance where improvement may be made 
and where further gain is impossible. A boiler and furnace may be per- 
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feet in operation and still fail to utilize th(' total heat value of the fuel. 
For example, in the modern boih'r (without an ecoiionhztM' or it-s etpiiva- 
lent) the flue gas cannot be lowered below th(' teuipeiature of the heating 
surface with which it was last, in contact. Since this temperature cor- 
responds to that of the steam in the boiler, we have as the inherent losses: 

1. Heat absorbed by the theoretical weight of dry chimney gas(\s in 
being heated from boiler room to boiler steam teinpeiature. 

2. Heat required to evaporate and superheat, th(' moisture in the fuel 
from boilei; room to boiler steam temperature. 

3. Heat required to evaporate and superheat the IFO formed by the 

combustion of hydrogen in the fuel from boih'r room to boiler steam 
temperature. • 

4. Heat required to supeijieat the inoist.ure in the air (theoretical re- 
quirements) from boiler room to l)oiler sU^am t(mq)eral.ur(*. 

Example 18. — Determine th(^ inherent losses from the data given in 
Example 17. 

Solution. — Proceed as in following chart: 

DISTRIBUTION OP INHERENT HEAT LOSSES PER POUND OF COAL AS FIRED 

n t.u. I For Cent 


1. 

Inherent loss in the dry ehininev gas, 




9.26* X (340 - 70) 0.24 

600.0 

5.00 

2. 

Inherent loss due to moisture in eoal, 




0.08 (1090.6 - 70 + 0 46 X 340) 

94 1 

0.79 

3. 

Inherent loss due to II^O formed by the combustion of Iivdro-, 



gen, 9 X 0.05 (1090.6 - 70 + 0.46 X 340) . . 

Inherent loss tliie to “ liuiniclitv ” of tlic siir, 

529.6 

4.47 

4. 




0.8 X 0.00115 X 13.3 X 8.92* X 0 46 (340 - 70) 

13.5 

0.11 

5. 

Heat absorbed by ideal boiler (by difference) . . 

10,612.8 

89 57 



1 1 ,850 0 

100 00 


I'or perfect conibuatioii 




A comparison of the actual and inherent losses in 

percentages of coal 

as fired is as follows: 





Actual 

Inherent 

1. 

Dry chimney gases 

9 40 

5.06 

2. 

Incomplete combustion 

2.36 

0.00 

3. 

Combustible in the refuse 

4 00 

0.00 

4. 

Moisture in the air 

0.20 

0.11 

5. 

Moisture in the coal 

0.83 

0.79 

6. 

Moisture due to combustion of hydrogen. . 

4.70 

4.47 

7. 

Radiation and unaccounted for 

2.51 

0.00 

8. 

Heat absorbed by the boiler 

76 00 

89.57 


100.00 100.00 
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The diffcrencf' Ix^twcen the actual and inherent loss is designated as 
preventable. Although the losses due to “ incomplete combustion,” 

comlnistible in the rcifuse,” and “ radiation and unaccounted for ” are 
theor(^tically preventable, it is almost impossible to ('jitirely eliminate 
them in inactice. The minimum practical loss (U'pends upon the nature 
of the e(juipmeiit, grade of fuel, and rat(' of driving, and must be deter- 
mined for each installation by actual test. This is also true for the ” pre- 
ventable ” loss in the dry chimney gases and that due to the moisture in 
the air, moisture in the coal, and moisture resulting fioni the combustion 
of hydrogen. 

Since the ideal or perfect boiler, under the specified conditions, is^ able 
to absorb only 89.57 per cent of the calorific, valiu' of the coal, it is evident 
that the actual boiler has a true efficiency of 79 0.8957 = 84.8 per 

cent. 

If an economizer is used, the inherent losses l)(‘come less, since the flue 
gas may be reduced to a teinpc'rature considv drably lower than that of the 
steam; but they can never b(^ entirely eliminated unless the flue gas is 
discharged at a temperature somewhat lowci* than that of the air entering 
the furnace. 

60. Standby Losses. — The heat balance, as ordinarily calculated, refers 
only to the heat distribution for continuous operation over a limited 
period of time. It does not represent average operating conditions, 
since the various standby losses are not (joiisidered. These include: 
(1) heat lost in shutting down boilers; (2) coal required to start up cold 
\)oilers; (3) coal burned in banking fires; and (4) heat discharged to waste 
in ” blowing off ” and in cleaning boilers. The magnitude of the standby 
losses depends upon the size and character of the boiler equipment and the 
conditions of operation, and may range from 5 to 15 per cent or more of 
total heat generated (yeaily basis). Thus, a continuous 24-hour full- 
load test may show that 80 p(^r cent of the heat of the coal is absorbed by 
the boiler, but when the heat represented by a month^s evaporation is 
divided by the heat of the fuel fed to the furnace during th(^ same period, 
the efficiency may drop to 70 per cent or lower. The standby losses are 
dependent upon so many variable fac^tors that (wen average figures may 
be misleading unless limited to a narrow field of -operation. Table 20 
gives the heat balance, including standby losses, of the ('olfax Station 
for the year 1920. Th(‘ data in Table 21, (compiled from carefully con- 
ducted tests at the central heating and power plant of the Armour In- 
stitute of Technology, serve to illustrate the extent and influence of the 
standby losses on the overall efficiency in a specific case. 

Table 22 gives thci weight of coal burned in shutting down boilers, in 
starting up cold boilers, and in banking fires, for a number of Chicago 
plants. 
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TABLE 20 

TYPICAL HEA'P-HALANCE DATA — CCLFAX STATION 

(Includes Standby Losses) 


Coal, as fired, H.t.u. jn'r lb 
Ash as fired, per cent 
Moisture, as fired, i)er cent 
Inlet air temperature, deji;. fahr. 
Exit Ras teni’perature, defj; fahr.. 
Carbon as final, per cent. 
Hydrogen as fired, jier cent 
CO 2 , jier e(;nt 

Coinbustible in refuse, per cent. 


Heat absorbed by boilers . . 
Moisture loss . . .. 

Hydrogen loss 

Stack loss . 

Ashpit loss . . . 

Heat accounted for. 

Heat unaccounted for . . 
Total 


Octobtir 

Novoinbi'r 

Doceiiibcr 

Jiiiuiiiry 

13,159 

13.19S 

13,28,3 

13,177 

9 2S 

9 37 

9 14 

9 05 

1 45 

4 12 

3 91 

4.49 

70 

70 

70 

70 

105 

4(>7 

47s 

471 

72 29 

72 49 

72 SO 

72 45 

4 92 

1 93 

4 !)(; 

4 93 

2(T 20 

10.3 

11 2 

11 1 

29 10 

20 99 

20 70 

H t u 

n i 11 

a i u 

p. i, u 

l*cr (.'ent 

Poi Toiil 

PtM (Vllt 

Poi (’out, 

7S 00 

77 20 

70 S 

77 00 

0 42 

0 3S 

0 30 

0 42 

4 14 

1 14 

-1 10 

4 15 

13 02 

12 01 

11 40 

11 40 

3 00 

4 23 

3 09 

3 04 

!H) 21 

97 90 

90 47 

97 21 

0 70 

2 01 

3 53 

2 79 

1(K) (H) 

1(K) (K) 

1(X) m) 

100 00 


The loss due to blowing off depcuids largely upon Hk' (piality of the 
feedwater. Water coiitiiining considerable scak'-forming elements re- 
quires freipient blowing off, th(^ amount dischargcal per “ blow varying 
from 1/2 to 2 gtiges of water. For example, th(^ 35()-hp. Stirling boiler 
in the power plant of the Ainiour Institute of Technology (Tal)le 21) is 
blown off once in 24 hours wh(*n in continuous op(‘ratioii, the amount 
averaging 3 in., as indicated by th(*. water gage. For one month this 

totals 74,800 lb. The heat lost is 74,800 (338 — 205) = 9,950,000 B.t.u., 

approximately, or sufficient to evaporate 9500 lb. of water from a feed 
temperature of 205 d('g. fahr. to st(‘am at 100 lb. gage. This amount 
should be deducted from |^h(‘ water fed to the boiler in calculating the net 
evaporation (the quality of the steam, of course, being taken into con- 
sideration). Compared with the monthly evaporation, the loss in this 

particular installation is negligible, though it r(‘prcsents an appreciable 
loss per se. 

The steam r(‘(iuired in blowing soot from the tubes of a return-tubular 
boiler ranges from 250 to 400 lb. of steam per cleaning with hand blow- 
ing, and from 200 to 350 lb. with mechanically operated '' soot blowers.’^ 
For water-tube boilers the range is considerably greater, depending upon 
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TABLE 21 

INPLTTENCE OF STANDRY LOSSES ON OVERALL BOILER AND FURNACE EFFICIENCT 


Period Covered hy I'chI, 


Number of hours in month 
Hours in service ... 

Honrs banked, or out of service 
Per cent of rating develojied, average 

for month 

Total water: 

Fed to boiler, lb. . . 

“ Blowing off,'' lb. 

Net eva])oration 
Total coal : 

Fed to furnace, lb. 

Burned in banking, etc., lb. 

Used for evaporation, lb. . . 
Apparent evaporation per lb. of coal 

fed to furnace, lb 

Actual evaporation per lb. of coal 
used for evaporation, lb. . 

Gross overall eflicdency of boih'r and 
furnace, jier cent . 

Overall efficiency, deduchng standby 
losses, per cent , 


January* 

October 

Julyt 

744 

744 

744 

708 

624 

153 

36 

120 

591 

133.0 

60.2 

j 

„ \3.2 

n,37r),390 

5,235,420 

791,610 

74,800 

39,870 

16,150 

11,366,340 

5,230,210 

789,990 

1,360,370 

728,360 

158,960 

3,680 * 

13,850 

37,610 

1,356,600 

714,510 

121,350 

8.35 

7.19 

4.98 

8.38 

7.32 

6.51 

71.9 

61.8 

44.0 

72.0 

63.2 

57.6 


* January and October tc.^tn. 350-hp. Stirling boilei equippetl with chum grate, feedwater 205 dog. fahr., 
pressure 100 lb. gngc, Illinois No 3 wtishod luit. 
t July test 2d0-hp. ditto 


TABLE 22 

COAL nUUNED DURINtl BANKiNtJ I’EIUODS* 


Rated 
Capacity 
of Boiler 

Kind of Stoker 

Ratio 
Heating 
to (irate 
Surface 

Kind of (ioal 

Huurs 

Banked 

Cioal F’ed to 
Furnace, Lb. 
per Boiler 
Hp.-hr. 

c 

A 

B 

250 

Stationary grate 

35 

Jiuckwheat 

S 

0.20 

0 35 


500 

Chain grate 

65 

Bit. serg. 

~13 

0.40 

0.52 

1000 

350 

Chain grate 

40 

Bit. No. 3 

9 

0.32 

0 62 

1600 

250 

Chain grate 

48 

1 Hit. serg. ^ 

7 

0.35 

0 71 

1450 

1200 

Underfeed 

82 

Bit. serg. 

10 

0.18 

0.20 

2600 

650 

Underfeed 

66 

Bit. serg. 

9 

0 20 

0.37 

1165 

150 

Stationary grate 

40 

Bit. mine run 

12 

0.58 

0 69 

560 

75 

Stationary grate 

48 

Poo. lump 

12 

0 81 

0.95 

300 

400 

Murphy 

52 

Bit. serg. 

13 

0.26 

0.33 

1350 


(A) Coal fired during banking iwiiod. 

(B) Coal fed to furnace during banking period including that required to put boiler into service at end of 


banking period. 

(C) Coal fed to furnace to put cold boiler into service, lb. 

* These values are for specific cases only. The range in practice la so wide that average values are of little 
service for estimating purposes. 
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the size of the units, number of blowing elements, and the time interval 
between cleanings. Knowing the number of nozzles, the initial steam 
pressure, and the time the nozzles arc in operation, one may closely ap- 
proximate the total steam consumption per cl(\aning from Napier’s rule 
(Sec equation (280)). A rough approximation is oOl) to 750 lb. per clean- 
ing for hand blowing, and 400 to GOO lb. for mechanical blowers incor- 
porated within the setting per 2500 sep ft. of tube suiface. 

Tests of Ham] and Mechanical Soot Blowers: Ueport nf I’riirio Movers Committee, 
N.E.L.A., T.3-22j 1022, p. 17; Power, Aiip 20. 1021, [) 32ti. 

Keejying Down the Furnace Losses. I'ower, Mar. 7, 1022. 

For a description of the vaiious types^of nu'asuring instruments used 
in calculating heat losses and in (vstablishiiig heat balances, consult 
Chapter XVI II. • 

61 . Combustion Control. — For uniformly complete combustion, the 
fuel and air supply must be c.orrect.ly proportionc'd to each other and both 
must be in proportion to changes in load. While it is possible to obtain 
this regulation by hand (jont rol for a short p(‘riorl of operation, it has been 
found impractical to effect th(^ dc'sired nvsult in this manner for extended 
periods. Expert attention can b(‘ maintaiiK'd on a boiU'r for short runs, 
but for everyday commercial opc'ratioii few i)lants can afford the ('xpense. 
Mechanical apparatus for automatically c.ontiolling iho fuel and air 
supply in proportion to the load demand has b('(‘n on the market for 
several years, and whik^ air and fu(‘l adjust in (arts ('an b(^ more jiromptly 
and accurately made by such apparatus t.han by hand, it cainnot take the 
place of an expert firc^man. Without automatic control the fireman is 
required to make adjustments for each small change in load; with the 
control in operation these vsniall changes are automatically tak(m care of 
and he can devote his attention to irregularities caused by varying (|uality 
of coal, clinker formation and the like, (knnbiistion controls ani not 
automatic in the same sense that the governor controls the speed of a 
turbine; on thci ciontrary, the cjuantities of air and fuel and the ratios of 
one to the other must be coordinated to meet the sp(‘cial c,hara(;t(iristi(;s of 
each equipment and oper;^ting conditions and must he, adjusted from tiinci 
to time to meet such irr(^gulari1ies as may aris(\ That properly designed 
combustion-control apparatus in charge of c.ompc^tcmt firenum is pnjduc- 
tive of high efficieiujy and well worth th(‘ extra ciost, is evidenced by the 
increasing number of i)lants which an^ adopting this systcan. This is true 
not only for large c(uitral stations but for hundreds of small isolated 
plants equipped with mecdianical stokers or designed for burning fuel 
oil, gas, or powdered fuel. 

With natural-draft hand-fired installations, automatic control is neces- 
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sarily limited to regulation of the damper or air supply. With natural- 
draft stoker-fired installation, both the speed of the stoker-drive and 
the position of the damper are automatically controlled. In bulk-coal- 
burning plants (^quipped with stokers and mechanical-draft fans, the 
various drives, blast-gates and dampers are individually controlled and 
at the same time maintained in synchronism by a master control, so that 
no matter what the rate of supply may be, they are functioning inde- 
pendently to maintain a fixed ratio between the supply of fuel and air. 
In gas, oil and powdered-fuel installations, there arc obviously no stokers, 
and the particular mechanism feeding the fuel to the furnace is con- 
trolled in a suitable maniK^r. 

For a description of a n umbel- of popular combustion-control systems, 
sec paragraphs 127 and 101. ^ 

Comhuatkm Control- Power, Mar, (5, 1023, p. 354; Aj)!. 29, 1024, p. 670. 

Fuel Samag Effected by (Unnba^UotiConbol. I’owcr Plant Enprg., May 1, 1023, p. 473- 

Combustion Control for BoUerti. Mccli Engrg., Oct 1024, j). 500. 


PROBLEMS 

1 . Calculate tlu' dry air rccinireineiits for perfecl, combustion of the coal ‘‘as re- 
ceived,” using the analysi's in ICxainple 1, (4iapter II. 

2 . Rccpiired die eliaracter and amount by weight of the products of combustion 
resulting from the perfeu t combustion with dry lur of 1 lb. of the coal designated in 
Problem 1, Chap tor II. 

3 . Calculate the per coni ,by volume of ('O 2 in the dry flue gas per lb. of coal as 
fired, data as in Problem 2. 

4 . A pound of pure carbon is burned with air to CO 2 and CO. If 4 per cent of the 
carbon is burned to CO and the air supplied was 50 per cent in excess of that required 
for perfect combustion, required tlie per cent by volume of CO in the dry flue gas. 

6. By-product coke-oven gas having the following analysis is burned completely with 
theoretical air rc(|uirements; Per cent by volume — CO 2 , 0.75, CO, 6.00, C^H 4 , 28.15, 
II, 53.00, N, 12.10. Cahailato the cu. ft. of air required per cu. ft. of gas for perfect 
combustion and the resulting per cent of CO 2 by volume in the flue gas. Assume air 
and gas to have the same ])ressure and temperature. 

6. Calculate thii weight of air supplied per lb. of (‘oal as fired (analysis as in Problem 
1) and the weight of the dry gaseous products of (iombustion, if the flue gas has the 
following composition, per cent by volume: CO 2 , 13.00, O 2 , 5.30, CO, 0.44, N 2 , 81.26. 

7 . Neglecting the influence of S and N 2 in the fuel, .^how'^ that the per cent of CO 2 
by volume in the flue gas for perfiud combustion may be expressed in terms of the per 
cent by weight of the free hydrogen, IP, per lb. of carbon 

8 . Calculate the theoretical temperatun'. of combustion if the coal as fired, analysis 
as in Problem 1, Chapter II, is coniplelcly burned with 50 per cent air excess, initial 
temperature of air and fuel 60 deg. fahr. 

9. If coke breeze containing 85 per cent carbon and 15 per cent ash is completely 
burned under a boiler with 50 per cent air excess, and the flue-gas temperature is 500 
deg. fahr., required the heat loss in the flue gas per lb. of fuel as fired if the temperar 
ture of the air supply is 80 deg. fahr. 
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10 . If the flue gas resulting from the combustion of (he fuel designated in Problem 
12 contains 0.5 per cent CO and 12 per (lenr- tXla (by v^ulurne), n'quircd tlic loss due to 
incomplete combustion of the carbon, B.t.u. per lb. of coal as fired. 

11 . Calculate the heat loss in the refuse if the coal as fired has an asli content of 
15 per cent and the combustible in the dry refuse is 20 })cr cent of the dry refuse. (\'ilo- 
rific value of the combustible in the ash, 13,000 B.f.u. jkt lb. 

12 . Required the heat lost (ler 11). of coal as fired in evajiorating the moisture, from 
the coal designated in Problem 1, Chapter IJ, if the femiierature of the flue gas is fitX) 
deg. fahr., and that of the. boiler room, 80 deg. fahr. 

13 . If crude oil containing 83 per cent of carbon, 14 jier cent, of hydrogen and 3 per 
cent of oxygen is burned under a boiler, required the amount of heat lost per lb. of oil due 
to the formation of water by the combustion of tlic hydrogen. I'lue-gas tern peraf. lire, 
450 deg. fahr.; temperature of the oil, 120 d(‘g. fahr. 

14 . The following data were obtained from a. toiler evaporation test- Ileal absorbed 
by the boiler, 70 per cent of the calorific value of the coal as fired. vVnalysis of the 


coal as fired: • 

Piir C'enl Pur C^ent 

Carbon (35 Ash and sulphur 12 

Oxygen 8 Free moisture 10 

Hydrogen 4 Nitrogen 1 


Calorific value as fired, 11,300 B.t.u. ])cr lb: combustilile, in r(‘fuse, 13,500 B.t.u. 


r lb. 




Flue-gas analysis: 





Per Cent 


Por Cent 

CO 2 

11 IS 

CO .... 

1 42 

O 2 

3 55 

N 

. . . 80.85 (by difference) 


Temperature of air cnlering furnace, 80 deg. fahr.; ^feiuperalun' of tiie flue gas, 
480 deg. fahr.; temperatun* of the steam in the boder, 350 deg fahr.; relative humidity 
of the air entering the furnace, 70 jier cent; combustible m thii dry refuse, 20 per cent. 

a. Calculate tlie actual losses in j)cr (‘cnl of the coal as fired. 
h. Calculate the inh(T(*nt losses in per cent of Ihi' coal as fired. 
c. Apfiroximate the extent to which the actual losses may be reduced by careful 
operation and proper design. 



CHAPTER IV 
STEAM BOILERS 

82 . General. — Tho of to-day is sul)staiitially the same as ^hat 
of fiv(5 years ago, and in the cas(‘ of the horizontal retuni tubular boiler, 
it may be said to be thoroughly standardized. Such changes as have 
been mad(' arc in the direction of structural alterations to keep pace 
with the requirements of increased pressure :yid superheat. 

The most notable' de'sign changes are in the settings and in the size 
of units. The principles of efficient and smokeless combustion have been 
so well proven and ai’c admittedly so fundamental, that engineers now 
build the boiler plant around tin* furnace. Adequate combustion space 
has demanded very high-set boilers, especially with powdered coal as a 
fuel, and this, by allowing complete combustion, has permitted extremely 
high efficiencies. 

All well-designed boilers, when properly set and similarly fired, are 
capable of practically the same evaporation per lb. of fuel. The use 
of stokers with boilers over 350 hp. may be said to be universal. Boiler 
setting is so tied in with stoker setting that the one cannot be considered 
without the other. Since stokers are different in their furnace require- 
ments, and the burning of the fuel is a function of the stoker, the engineers 
for this equipment are generally considered as having the right and re- 
sponsibility of designing the furnace. 

The cost, weight, and space niquired cannot be accurately judged until 
the exact design is determined. There is as yet no appearance of stand- 
ardization in the settings of diffei'cnt boilers, but there is a marked 
tendency toward a standardization of construction details of the boilers 
themselves. Many states already have adopted tho American Society 
of Mechanical Engineers’ “ Standard Speciifications for the C'onstructiqn 
of Steam Boilers and Other Pressure Vessels.”* Every power plant owner 
and operator should be conversant with the boiler code, insurance and in- 
spection laws, in the communities where they arc in force, and no boiler 
may be constructed or operated without compl 5 dng with the requirements 
of the law. 

Regardless of improvements in furnace design, skill, good judgment, 

‘ Copies of die Code may be obtained from the office of the Secretary of the A.S.M.E., 
27 W. 39th St., New York City. 
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and continued vigilance are reijuired on the part of the operator to secure 
good efficiency. 

No attempt will be mad(i to analyze the boiler from the standpoint of 
manufacture, and reference is made to the A.S.M.E. Boiler Code and to 
current trade catalogues for this ])hase of the subject. For an excellent 
treatise on circulation in various types of boilers, consult The Kid well 
Two-flow Ring-circuit Water Tube Boiler ” by Edgar Kidwell, and 
published by the Kidwell Boiler Co., Milwaukee, Wis. 

A gcneiial classification of stc'am boikus is unsatisfa(‘tory because of 
the overlapping of th(' various gioups. They may be classified according 
to (1) method of firing, as externally and internally fired; (2) relative 
position of the heated gases and water, as water-tube and fire-tube; 
(3) arrangenicmt of tubes, ^ as ver- 
tical, horizontal, and inclined; (4) 
curvature of the tubes, as straight 
tube and curved tube; (5) nature 
of service, as stationary, marine, and 
locomotive ; (C) direction of the 

gases, as through-tube, and return- 
tubular; (7) baffling, as horizontal- 
baffie, and vertical-baffle; (8) steam 
pressure, as high-pressure and low- 
pressure; (9) location of the drum, 
as longitudinal-drum and cross- 
drum; and so on. A few popular 
types will be described in detail. 

63. Vertical Tubular Boilers. — Fig- 
ures 1 and 19 illustrate typical port- 
able fire-tube boilers of the internally- 
fired type. They are used only where 
small power, compactness, low first 
cost, and semi-portability are the 
chief requirements. Boilers of this 
type have a cylindrical, shell with 
a fire box in the lower end and with 
tubes running from the crown sheet 
of the furnace to the upper tube 

sheet at the top of the boiler. They are built in various sizes ranging 
from 24 to 48 in. in diameter, and from 60 to 120 in. in length, with cor- 
responding heating surface of 50 to 500 sq. ft. (5 to 50 hp.). The tubes 
are. usually 2 in. in diameter and the working pressure seldom exceeds 
100 lb. per sq. in. gage. 



Submerged Tube Sheet. 
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The tubes arc placed symmetrically with a continuous clear space be- 
tween them and these spaces cross the tube section at right angles. This 
arrangement permits the tubers and tube sheet to be readily cleaned. Two 
styles ar(' in common use — the exposed-tube, Fig. 1, and the submerged- 
tube, Fig. 19. In the foiinc^r, the tube sheet and the upper portion of the 
tubes are exposed to the steam and in the latter they are completely sub- 
merged. According to the A.S.M.E. Boiler Codc^, not less than seven hand- 
holes or wash-out plugs are recpiired for boih^rs of the exposed-tube type?; 
three in t-he shell at or about the? line of the crown sheet, one in the shell at or 
about the fusible plug, and three in the shell at the lower part of th(? water 
leg. In the subm(?rged type, two or more additional hand holes are re- 
quired in the shell in litu? with*the upper tube shoot. The distance be- 

tw(?en the crown sl^eet and th(? top of the grate 
should never be l(‘ss than 24 in. even in the 
sniall(?st boiler, and should be as great as pos- 
sible, to insure good combustion. 

In some designs the furnaces arc constructed 
of coriugated steel, thus doing away with the 
stay bolts. 

The advantages of this type of boiler are as 
follows: (1) it is compact and portable; (2) it 
rotjuires no setting beyond a light foundation; 
(3) it is a rapid steamer; and (4) it is low in 
'first cost. It has the following disadvantages: 
(1) it is not easily accessible for thorough in- 
spection and cleaning; (2) the steam space is 
small, resulting in excessive priming at heavy 
loads; (3) the economy is poor, except at light 
loads, as the products of combustion escape at 
a high temperature on account of the shortness 
of the tubes; (4) smokehiss combustion is 
practically impossible with bituminous coals; 
(5) the small water capacity results in rapidly 
fluctuating steam pressures with varying de- 
mands for steam. 

Although vertical fire-tube boilers of the port- 
able or semi-portable type are seldom con- 
Fig. 20. Manning Boiler, g^ructod in sizes containing more than 500 sq. 
ft. of heating surface, other types of vertical fire-tube boilers, of which the 
Manning (Fig. 20) is a wcll-known example, are not limited to small sizes 
and have been constructed with heating surface of 6000 sq. ft. per unit. 
Many of the disadvantages found in the smaller types are obviated in the 
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Manning boilers, which, as far as safety and efficiency are concerned, 
rank with any of the other first-class types. They differ from the boiler 
described above mainly in having the lower or furnace portion of much 
greater diameter than the upj)er part which encircles the tubes. This 
permits a proper proportion of grate, which is not obtainable in boilers 
like those shown in Tigs. 1 and 19. The double-fiangc'd head connecting 
the upper and lower shells allows sufficitmt flexibility l)('tw(Mm the t-oi) and 
bottom tube sheets to provide for unequal exy)ansion of tubes and shcdl. 
The ashpijj is built of brick and the water leg does not extend Ixdow the 
grate level, thus doing away with dead-wat(a‘ si)ac(^ Where overhead 
room permits and ground si)ac,e is expensive^, this boiler offers the ad- 


Suf(‘ty Valvo 

CTD 


.4 SUy 


vantage of taking up a small floor space as conqiarc^d with horizontal 
types. Th(' Manning type^of })oilers is designed for steam pressure's up 
to 200 lb. gage. 

64. Locomotive-type Boiler. — This style of boik'r is used occasionally 
for stationary power service where semi-portability is desired, as in con- 
nection with agricultural and saw- 
mill plants. It is also used to a 
limited extent for low-]^ressur(^ 
heating work. It is in basic prin- 
ciple a vertical, internally fin'd 
boiler placexl horizontally. Two 
general designs are in common 
use; (1) the water-bottom, in 
which the fire box is ('i\tirely 
surrounded by watc'r (k'ig. 21); 
and (2) the open-bottom (Fig. 22) 
in which the fire V^ox is submerged 

on all sides but not on the bottom. Water-bottom boilers are self- 
contained and require no settings whatev(ir, but th(' op(m-})ottoni boilers, 


= -l''ire .rubuit 


Sliiy-Boltsii 


IjSiuldIc Support 




Fig. 21. 


Locomotive Type — Water 
Bottom. 



from 15 lb. to 150 lb. gage. For anthracite coal, the tubes range from 
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2 to 3 in. in diameter, and for bituminous coals from 3 to 4 in. Sizes 
with less than 300 sq. ft. of heating surface per hp. are ordinarily furnished 
with a dome located over the fire box, while the larger sizes arc con- 
structed with either dome or dry pipe. This style of boiler is not much 
in evidence in high-pressure statioTiary plants. 

65. Stationary Scotch Marine-type Boilers. — These boilers belong to 
the internally-fired return-tubular type; they are self-contained, re- 
quire no brick setting, occupy little overhe^ad room, and are excellent 
steamers. , The sh(dl is cylindrical filted near the bottom with one or 
more cylindrical furnaces traversing the (aitire length 
of the shell, and partly filled above the furnaces with 
full-length return tubes. The gaseous p'Voducts of com- 
bustion are guided from tjie furna(‘es to the r(‘t,iirn 
tubes by a back-connection or combustion chamber. 

The furnace and tubes ar(' (mtii'idy surroundtal by watm’, 
so that all fire surfaces, excepting the rear of the com- 
bustion chamber, are water cooled. Figure 23 shows a section through 
a popular design, in which the furnace is coirugatcd. These corruga- 
tions, in addition to giving gr(‘atcr stnmgth to th(^ furnace, act as a 
series of expansion joints, taking up the strains due to unequal expan- 
sion of furnace and shell. In other designs, the 
furnace is strengthened by th(‘ Adamson Ring, or 
Bolling Hoop. In th(' fornn'r, the furnace sections 
are flang(‘d outward ainl i‘iv(‘t(Hl together through a 
ring inserted bctvv(‘cn them (Mg. 24), while in the 
latter, the sections luv, riveted to special expansion 
joints (Fig, 25). Th(^ singk^ furna(;(' boiler is con- 
structed in sizes ranging from a small unit 35 in. in diameter by 52 in. 
in length (bO sq. ft. of heating surfac(') and ratc'd at (i hp. to units 
96 in. in diameter by 17 ft. in length (1500 s(|. ft. of heating surface) 
and rated at 150 hp. Stationary boilers with two furnaces have been 
constructed with shells 120 in. in diameter, and 20 ft. in length, and 
rated at 300 hp. For marine' service, this type of boiler has been 
built with as many as fopr furnaces and with shell diameters up to 20 ft. 
and overall length of 1 1 ft., the size being limited only by transportation 
facilities. For stationary purposes this type of boiler is dc^signed for work- 
ing steam pressures ranging from 100 to 200 lb. per sq. in., and for sizes 
up to 300 hp. While a number of these boilers are to be found in station- 
ary steam plants where low head room is essential, such as in office build- 
ings, large apartment buildings, and hotels, they play a relatively un- 
important part in steam generation for power purposes. The normal 
circulation in the standard Scotch marine-type boiler is defective, because 



Fig. 25. Bolling 
Hoop. 
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the water lies “ dead in the bottom of the shell, and the unequal ex- 
pansion and contraetion of furnace walls and tubes tends to cause con- 
siderable tube leakage. 

Figure 26 shows a S(!ction through a modified type (suitable for low- 
volatile coals) which facilitat(\s circulation of the water below the furnace. 
The tubes are in two nests, the usual return tub(\s and a number of short 
ones heading from the rear head of th(‘ furnace to the combustion chamber. 
The object of the short tubes is to divert the flame downward and to heat 
the rear and lower portions of the boiler. This increases the ra^x^ of 
circulation. 

The advantages of Scotch boilers and of most internally fired boilers 
are: (1) low head room; (2) irdniimim radiation losses; (3) no setting 
required; (4) no leakage of cold air into the furnaca', as frequently occurs 



through cracks or porous Inickwork of other types, and (6) large steam 
capacity for the space occupied. With high-volatile coals, the furnace 
volume is insufficient for efficient and smokeless combustion at high 
ratings, and this fact, together with the limitation in sizes, due to trans- 
portation faciliti(‘s, precludes the use of this type of unit in large central 
stations. Extension furnaces, hand- or stoker-fired, may offset the 
limitations of the small internal furnace, but this addition neutralizes 
the chief advantage of the internally fired type, namely, compactness 
and absence of masonry setting. 

The Comish, Lancashire, and Galloway boilers are common in Europe, 
but are seldom found in American practice. The Cornish boiler is es- 
sentially a single-flue Scotch unit without return tubes and is the oldest 
design among modern internally fired boilers. The Lancashire is an 
improvement on the Cornish boiler in that there are two flues instead of 
one. In the Galloway boilers the two furnace flues merge beyond the 
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bridgewall into one large flue which is traversed radially throughout its 
length by conical water tubes. These boilei’s are set in brickwork, so 
arranged that the gases, after leaving the furnace, pass forward below 
the outer shell and then backward along the sides of th(i shell to the up- 
take. 

66. Horizontal Return- tubular Boiler. — Th(‘s(' l)()il(Ms are the most 
widely distributi^d steam genei-ators in th(' United St.atc^s and may be 
regarded as the standard American ty})('. They their popularity 
to low first cost, high (waporalivc^ capac'itv, conij)actness, and low over- 
head si)ace requir(‘m('nts. Standard sizt*R I’ange from a small unit 36 in. 
in diam(‘ter ly S ft. in length (loO sq. ft. of heating surface) and rated at 
15 hp. to a unit 84 in. in diameter ly 2(? ft. in kmgtli (3500 s(|. ft. of heat- 
ing surface) and rat(‘d at ^350 hj). There is no particular limit to the 



Fk;. 27. Lon^il iidiiiJiIfSedioTj through a 150 lip. Horizontal 
Return-tub ular Bo ilcr . 

sizes of these typ(‘s (^xcept shi[)ping facilities, and a units have been 
built as large as 108 in. in diameter and 21 ft. long and rated at 500 hp.; 
but as a general rule some other type is selected wluux^ the desired rating 
exceeds 250 hp. They are usually designed to operate at pressures vary- 
ing from 10 to 150 lb. per sq. in., but there are a number of special de- 
signs operating at 175 lb. Figure 27 shows a longitudinal section through 
the shell of a popular make of return-tubular boiler, and Fig. 28 gives a 
perspective view of another design with extended shell. The drawings 
are self-explanatory. The tubes are usually 3, 3 1/2 or 4 in. in diameter, 
the smaller tubes for low-volatile fuels, and the larger tubes for high- 
volatile fuels. As a general rule. 4-in. tubes are not furnished with shells 
under 48 in. in diameter. Boilers over 54 in. in diameter are usually 
fitted with a dry pipe (Fig. 27), for separating moisture from the steam, 
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while the very small sizes have a fixed dome (Fig. 29), flanged at the 
base and riveted to the shell, or in special cases, an independent dome at- 


Manhole Safety Valve 



Fig. 28 . Horizontal Keturn-tulmlar Boiler — Extended Shell. 


tached to the shell with a iiippki or a iiozzled connection. The require- 

nK'iits for plate thickness, riveted 
joints, staying:, supports, hand- 
holes, manholes, and other con- 
struction details are fully speci- 
fied in the A.S.M.E., state, and 
insurance codes. 

K('tuni-tubular boilers are 
made either with an extended 
or half arch front, Fi^. 30, or 
flush front, Fig. 116. The shell 
the brickwork, or by steel beams 




Dome. 


rangeinen t — “ Ihii- 
flow” 1^01 lor. 


may be supported by lugs resting on 
and hangers, Fig. 30. Ac- 
cording to the A.S.M.E. 

Boiler Code, all horizontal 
tubular boilers over 78 in. 
in diameter are required to 
be supported by the outside- 
suspension or gallows-frame 
type of setting. With the 
side bracket support, the 
front lugs usually rest direct- 
ly on iron or steel plates 
embedded in the brickwork, 
and the back lugs on rollers 
to permit free expansion and 
contraction. The brackets are long enough to rest upon the outside 
wall, so that the inside brick lining can be removed without disturbing 
the setting. 



Fig. 30 . Horizontal Return-tubular Boiler. 
Gallows-frame Suspension. 
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It is asserted that the rate of circulation, and hence the overload capacity, 
of the return-tubular boiler may be greatly increased by using smaller 
diameter tubes and grouping them in three sections, as shown in Fig. 29a, 
instead of the uniform vertical spacing of tlu^ standard type. In another 
design the tubes are arrangc'd as in Fig. 28, l)ut th(^ groups are separated 
from each other by a vertical steel baffle running the entire length of the 
shell. 

Return -tubular boilers are of the externally fired type, and therefore 
must be. provided with a furnace and setting. For a description of the 
latter, see paragraphs 102 to 105. 

A return-tubular fire-box boiler of the portable type, as illustrated in 
Fig. 31, is finding favor with 
many engineers where a c(jiw- 
pact moderate capacity and 
self-contained unit is desinnl. 

As will be seen from Hk' cut, 
the front of the boilcM’ is 
cylindrical in form and (ex- 
tends over the furnace, while 
the rear end is oval, th(' lower 
portion extending Ix'low the 
cylindrical part far ('iiough 
to hold the short tube's head- 
ing from the furnace to (he* 
back connection, d'he prod- 
ucts of combustion, passing 
through the short tubes and 
into the back connection, an' 
carried by the return tubes 
through the nppc'r section of 
the boiler to the stack. The 
front and side's of the furnace are' lineul with fire brick. These boilers 
are available in standard sizes ranging from 20 to 150 hp. and are in- 
tended for pre'ssures noj exceeding 100 lb. per sep in. 

67. Horizontal Water-tube Boilers, Longitudinal Drum. — Figure 32 
gives a general asseni])ly of a standard longitudinal-drum Babcock and 
Wilcox boiler, illustrating one of the best known and most widely dis- 
tributed water-tube boilers in the United States. This particular type 
is made in single units ranging from 750 sep ft. of heating surface (75 hp. 
rated capacity), to 8000 sep ft. of heating surface (800 hp. rated capacity). 
The distinguishing features of this boiler arc: (1) horizontal drum or drums; 
(2) inclined or vertical sectional headers, and (3) inclined straight tubes. 



Fi(i. ru. Return Tubular Portable P"ire-box 
Boiler. (Side Plates Removed to Show Fur- 
nace (Construction.) 
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The tubes, usually 4 in. in diameter and 18 to 20 ft. in len| 2 ;th, are arranged 
in vertical and horizontal rows and are expanded into cast-iron or presscd- 
steel headers. Two vertical rows are fitted to each h(‘a(I(T and are “ stag- 



Fiq. 32. Babcock and Wilcox Boiler Assembly — Longi- 


tudinal Drum Type. (Vertical Header.) 


gen'd,” as shown in 
Fig. 33. The headers 
a.r(^ connected with the 
si-eairi drum by short 
tubes expanded into a 
cross box, yig. $4, 
whic.h in turn is 
riv(‘ted to the driuii. 
Th(^ headers are either 
v(n’tical, Fig. 32, or in- 
clined, Fig. 35. Each 
tube is accessible 
through individual 
handhole openings. 
These openings are 
elliptical in shape in 
the vertical headers, 
because of the inclina- 
tion of the tubes. 


This shape is necessary to provide for the insertion and removal of the 


tubes. Circular handholes arc ordinarily used in the inclined headers 



Fig. 33. Details of 

Fig. 34. Cross Box — B. & 

Fig. 35. 

Front Sec- 

Header — B. & 

W. Boiler. 

tion — 

B. & W. 

W. Boiler. (In- 


Boiler. 


clined Header.) 





where the tubes enter the latter at right angles. The elliptical openings 
are closed by inside fitting forged covers held in position by steel clamps 
and bolts, Fig. 36. The circular openings are closed on the outside 
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by forged steel caps, milled and ground and held in place by clamps 
and bolts, Fig. 37. Thin gaskets are required with the inside elliptical 
covers, but not with the outside circular plates. (The main tubes arc‘ 
inclined at an angle of about 22 deg. with the horizontal. The rear 



Fk;. 3(). Hjuidliole. 



Fig. 37. Circular Handhole. 


headers are connected at tlu' bottom to a r('ctangular forged steel 
mud drum, by means of iii})plc‘s expanded into counterbored seats.) 
The boiler is supp()rt(‘d by sb'ol girders resting on suitable columns 
independent of the brick 
setting. The finnlwaler 
enters the front of tlu^ 
steam drmn, as shown in 
Fig. 35. Circulation is 
effected by the difference 
in density between thc‘ solid 
column of water in th(‘ r('ar 
header and the mixed steam 
and water in the front otk;. 

The longitudinal-drum type 
of B. & W. boilers under 
325 hp. have but one steam 
drmn, and the larger sizes 
have two or three, dc^pend- 
ing upon the width of the 
setting. While a few ^jpe- 
cial designs of this type of 
boiler have been made for 
steam pressures as high as 
500 lb. per sq. in., in the 

great majority of power plant installations, the working pressure seldom 
exceeds 275 lb. per sq. in. 

All water-tube boilers are constructed on the sectional principle ; that 
is, they may be shipped in sections and erected at the power plant. This 



Fig. 38. Heine Boiler — Longitudinal-drum Type. 
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removes any restriction on the size of single units that might otherwise 
be imposed by transportation limitations. 

Figure 38 gives a general assembly of a Heine longitudinal-drum boiler, 
illustrating another well-known type of horizontal water-tube boiler. 
This boiler differs from the Babeoek and Wihjox in that the drum is in- 
clined and parallel to the tulx^s, and the 
latter are expanded into a single fabricated 
water log or headin’, Fig. 39. The feed- 
water enters at the front of thc^ ste^m 
drum, and flows into the mud drum, fr6m 
which it passes to the rear header. Steam 
is •t-aken from the front of the steam drum 
and is paitiall^ freed from moisture by 
tlu^ dry i)ip(n A baffle over the front 
header priwmits an excess of water from 
being carried into the dry pipe. As the 
rear header forms one large chamber, no 
additional mud drum is necessary. Bi'causi^ of the greater area through 
the header, the circulation is assisted to be frein’ than in thi^ longitudinal- 
drum type of sectional header. Heine boilers an' usually fitti^d with the 
“Key” safety handhole cap. Fig. 40, whiidi reciuires no yoke, bolt, or 
gasket. The caps are slipped into place from the inside of the water leg 
and are held in place by the water or steam pressuri'. 

Among other well-known makes of longitudinal-drum, 
horizontal water-tube boilers may be mentioned the Edge 
Moor, Keeler, Parker, O’Brien, Erie City, Kroeschell and 
Casey-Hedges. 

68. Horizontal Water-tube Boilers — Cross-drum Type. — 

This type of horizontal water-tube boiler has practically 
superseded the longitudinal type in modc^rn powei- houses 
where large units are desired. Among the better known de- ^ and 

signs may be mentioned the Springfield, Babcock & Wilcox, Cap. 

Heine “S-type,” Wickes, Keeler and Page. As will be 
seen from Figs. 41 and 42, the cross-drum type diffcis from the longitudinal- 
drum chiefly in the location of the drum and the method of support. The 
drum is placed transversely across the rear, immediately above the rear 
header or at some point between the top of the headers. Connection 
between drum and headers is made by means of circulating tubes ex- 
panded into bored seats, and extending the full width of the drum. Suit- 
able baffles prevent the water and steam (in the circulating tubes) from 
discharging openly into the drum. This type of boiler has been built in 
various sizes ranging from 1200 up to 20,000 sq. ft. of heating surface 




Fig. 39. Junction at Header and 
Drum — Heine Boiler. 
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(120 to 2000 hp. nominal rating) with woi’king pressures ranging from 
100 to 1200 1b. persq. in. 

The headers in the majority of cross-drum boilers have one handhole 
for each tube end, but 
in the Springfield d(‘- 
sign one handhole 
covers four tubes. 

Figure 42 shows a 
special application of 
the cross-drum design 
to very high pres- 
sures and tempera- 
tures. The particular 
unit illustrated has 
inclined head(irs, and 
the water-heating sur- 
face is divided into 
two decks or sec't ions. 

The lower deck has 8 
sections and the uppc'r 

deck 1 7 sections of ►^prmRfield Boiler — Cross-drum Type. 



2-in. tubes. The lower deck is not baffled, and the upper deck has a 
vertical baffle, causing the gases to make two passes. A primary and 
secondary superheater are placed between the two decks of water tubes. 
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Two 3 1/4-in. horizontal circulatinp; tubes are connected to the top of 
each manifold header and the drum, but th(‘ cir(;ulators from each 
alternate header are bent downward and sid('wis(? so that they are 
connected to the drum in the sanui ciixaimfi'rc'utial row as the circu- 
lators without bends. Th(i cross drum is a forgc'd ste'cd cylinder 48 in. 
in diameter and 4 in. thick, with inte^^^ral drum heads. The headers 
have 1 1/4-in. thickness front and })ack and 5/8-in. sid(‘s, and are designed 
to give the tubes a staggcn^ of nearly 4 in. The mud drum is 7 1/4 in. 
square, 1 in. thick, and ext(‘nds through each side of th(i settijig. T^he 
primary superh(‘ater is d(\sign(‘d to raise the temperature of the steam 



LONGITUDINAL SECTION 

Fig. 43. Wickes Water-tube Boiler — Vertical Type. 


under 1200 lb. pressure 
to 750 deg. fahr., and 
th(i secondary super- 
heater incloses the pri- 
mary superheater and 
is intended to raise 
th(' temi)(‘rature of the 
exhaust from the extra- 
high i)r(\ssure turbine to 
750 deg. The complete 
unit is about 28 ft. wide, 
30 1/2 ft. deep and 45 
ft. above the floor. 

Babcock and Wilcox 
cross-drum boilers have 
been installed in the 
C'olfax station of the 
Duejuesne Light Co., 
Calumet and Crawford 
stations of the Com- 
monwealth Edison Co., 
Springfield power station 
of the West Penn. Power 
Co., and Riverside sta- 
tion of the Northern 
States Power Co. Not- 


able installations of Springfield cross-drum boilers are in the new Hell 
Gate station of the United Electric Light and Power Co., Barbados 
plant of the Counties Gas and Electric Co. and the Indiana Harbor 
plant of the Inland Steel Co. The units of the Hell Gate station have 
18,900 sq. ft. of heating surface with 3-in. tubes, grouped as illustrated 
in Fig. 89. 
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69. Vertical Water-tube Boilers, Straight- tube Type. — Figure 43 shows 
a sectional elevation through a Wickes vertical boiler and setting illus- 
trating a well-known design of boiler with vertical, straight water tubes 
and vertical drums. The steam drum and water driuii are arranged 
one directly above the othei-. The tubes are expanded and rolled into 
both tube sheets and are divided into two sections by fire-brick tile. The 
water line in the upp('r drum is carried more than 2 ft. above the tube 
sheet, leaving a space of f) ft. between the water line and top of the drum. 
This affords a large steam space' and disengagement surface. Feedwater 
is introduced into the steam drum below the watc'r liiu^ and flows down- 
ward through the tube's of the 
second compartment. The boiler 
is supported by four brackf'ts 
riveted to the shell of the bottom 
drum and is independemt of the 
setting. The entire boiler is 
enclosed in a brick or stc'cl casing 
insulated with non-con ducting 
material and lined with fiix' 
brick. The entire boik'r is sur- 
rounded by the products of com- 
bustion. This type of boiler is 
simple in design, easy to inspect 
and clean, low in first cost and 
takes up little floor space; but, 
having only two passes, it cannot 
be forced effici('ntly to very high 
ratings. Wickes vertical boilers 
arc built in all sizes up to hOOO 

sq. ft. of heating surface, and for 44 Bigclow-llornsby Boiler, 

working pressures varying from 
100 to 200 lb. per sq. in. 

The Bigelow-Hornsby boiler, Fig. 44, consists of a number of cylindrical 
elements, each element (consisting of an upper and a k^wer drum connected 
by straight tubes. The two front cleiiH'iits arc inclined over the furnace at 
an angle of about 68 deg. with the horizontal, and the two rear elements 
are vertical. The upper drums of the elements are coniK^ctcd to a horizon- 
tal steam drum by flexible tubing, as indicated. Four elements consti- 
tute a section, and any number of sections may be connected together 
into units ranging from 2500 to 15,000 sq. ft. of heating surface. Feed- 
water enters the top drum of the rear elements and passes the rear 
tubes and then up the tubes in the front elements. A notable installa- 
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Cylindrical Headers 


Sifain Cross Drum 


tion of Bigclow-Hornsby boilers is in the new South Meadow Station 
of the Hartford Electric Light Co. The units in this station have 
approximately 13,920 sq. ft. of water heating, and are equipped with 
integral economizers in the rear of the setting. Each unit is com- 
posed of 55 cylindrical 
elements, 11 of these 
elements (jomprising 
the economizer. 

Figure 45^ showaf a 
side sectional eleya- 
tion of a single-pass 
Edge Moor boiler 
comprising a number 
of straight tube cyl- 
indrical units and a 
cross drum connected 
by slightly curved cir- 
culating tubes. It is 
claimed by the manu- 
facturers that the 
draft loss is less than 
half that usually cn- 

^ r.. , ^ . countered for equal ca- 

Fia. 45. Edge Moor Single-pass Boiler. ., i • 

• pacity and emciency, 

and that the boiler responds rapidly to high rates of evaporation without 

the usual falling off in efficiency. The best efficiency is obtained when 

the boiler is evaporating at a rate of about 9 lb. of water per sq. ft. of 

heating surface, or in other words at 300 per cent rating. At 400 per 

cent of rating, the results are about equal to those heretofore obtainable 

around 165 per cent of rating. 

70. Vertical Water-tube Boilers — Curved-tube Type. — Under this 
general heading may be grouped such wcdl-known boilers as the Stirling 
(Fig. 46), Kid well (Fig. 224), Adams, Heine V-type, Badenhausen (Fig. 
47), Connelly, Ladd (Fig. 90), Erie City Vertical /Fig. 48), and Rust. In 
all these boilers the drums are horizontal, but the tubes vary in inclinatioh 
from the vertical, in the Rust, to almost horizontal in the second pass of 
the Badenhausen. 

The standard type of Stirling boiler. Fig. 46, consists of three trans- 
verse steam and water drums set parallel and connected to a mud drum 
by three banks of tubes so curved as to enter the drums radially. The 
center drum is connected to the front and rear drums by steam-circu- 
lating tubes and to the front drum by water-circulating tubes. Steam is 
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taken from the rear drum 
entirely independent of 
the brickwork setting. 

The feedwater enters 
the rear upper drum, 
which is the coolest 
part of the boiler, and 
flows to the bottom 
or mud, drum and 
thence u^) the front 
bank of tub(\s to the 
front drum, across to 
the middle drum and 
finally down the mid- 
dle bank of tiiljes to 
the mud drum. The 
interior of the drums 
is accessible for clean- 
ing and inspection by 
manholes located in 
the ends. In the 
type of Stirling boiler, 
there arc three hori- 
zontal steam drums 
and two lower or mud 
drums. The inclina- 
tion of the four banks of tubes is such as 
to form the letter W.^’ This arrange- 
ment exposes a larg(i tube surface t(j direct 
radiation. Notable installations of the 
“W” type Stirling boilers are in the 
Marysville and Trenton Channel stations 
of the Detroit Edison Co. Individual 
boiler units in the Maryi?ville station have 
^8,212 sep ft. of effective water-heating 
surface and are served by a double-ended 
22-tuyere, 3-row Taylor stoker with 14 
retorts at each face of the boiler. 

The Badenhausen boiler. Fig. 47, and 
Kidwcll boiler, Fig. 224 (which is similar 
to the former in basic principle) are ex- 


The boiler is suspended on a steel framework 



Fig. 46a. Half Section of “ W 
Type Stirling Boiler — Marys- 
ville Station. 


amples of the ‘‘ring-flow'' type, in which the circulation is continuous 
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and unrestrictcid at all loads. This excellent circulation is due to the 
fact that the areas of the tubes entering and leaving the drums are 
practically the same. Feed-water enters the top rear dnmi and passes 
down the rear outer tubes to the mud drum, thence up the front bank 
of the lower front drum, thence across the upper bank of tubes to the 
top rear drum. The upper front drum is essentially a steam collector, 
and the tub(‘s connecting the top of this drum with that of the rear top 

dr um are practically supler- 
heateis. A notable 
stallation of Badenhausqn 
boilers is in the Highland 
Park plant of the Ford 
Motor Co. The boilers 
ar(' of the preheater type 
(economizer clement inte- 
gral with the boiler), each 
unit comprising 25,000 sq. 
ft. of effective heating sur- 
face. 

The Erie City vertical, 
Fig. 48, and the “ stand- 
ard ” Ladd boilers have 
but two drums and three 
banks of tubes. The 
tubes in the former are 
3 in. ill diameter and in 
the latter 3 1/4 in. The 
two horizontal drums are 
in line vertically and the 
tubes are so curved at 
the ends as to enter the 
drums radially. The boiler 
proper, comprising the two 
drinns and connecting 
tubes, is suspended from the upper drum by a framework of steel 
beams. Feedwater enters the lower drum of the Erie boiler through 
a distributing compartment, passes up the front bank of tubes and then 
down the middle and rear banks to the lower drum. In the Ladd boiler, 
the feedwater enters the si'parate compartment in the lower drum and is 
directed upward through the rear bank of tubes, down the middle bank 
and thence upward in the front bank. The very large Ladd boilers are 
of the double-ended type and consist essentially of two “ standard ” 



Baden hausen Boiler. 
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units inclined so as to form an inverted V. One of the most notable 
installations of the doiible-cmded type is in the River l^oiige plant of the 
Ford Motor Co., Fig. 1)0. 

The four main drums of 
each unit, 00 in. in diameter 
by 21 ft. in length, ar(‘ con- 
nected by banks of tulx's 
averaging 20 ft. 0 in. in 
length, giving a total ('ffec- 
tive heating surfa(*-e of 2(>,170 
sq. ft. Each unit occupies 
21) by 31 ft. of floor s})ac(% 
and the distance fiom ash 
floor to the to]i of the su])cr- 
heating j)ij)(? is S3 ft. I'he 
furnaces arc' dc'signed to 
burn blast-fiii'nace gas and 
powdered coal, simultane- 
ously and in any ratio. 

71. Combined Fire- and 
Water-tube Boilers. — Figure 
49 shows a gcnoral assonihly 43. C,ty Vertical IJoilcr. 

of a Kroeschell Fire- and 

Water-tube boiler illustrating a combination of a return-tubular boiler with 
water-tube elements which has many advant-ag(\s over the plain fire- 

tube type. This com- 
bination has the large 
storage capacity of the 
return-tubular boiler 
and the thorough circu- 
lation and rapid steam- 
ing property of the 
water-tube boiler. The 
water-tube elements, 
immediately above the 
fire, prevent the shell 
from becoming over- 
heated, and the extra 

Fio. 49. Kroosclicll Fire- and Water-tube Boiler. pass of the gascs per- 
mits of lower flue-gas 

temperature for a given rating. This style of boiler is made in standard 
sizes, ranging from a 48-in. by 16-ft. unit containing 1040 sq. ft. of 
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heating surface to an 84-in. l)y 20-ft. unit containing 3480 S(i. ft. A 
large number of Kroesch(41 (X)ml)inati()n l)oilors, in usci in CUiicago and its 
immediate vicinity, are giving excellent s(Mvico. 

72 . Waste Heat Boilers. — The heat discharged by the waste gases of 
various industrial furnaces, such as open-hearth stcud furnaces, brick and 
cement kilns, beehive coke ovens, metal revorberatoj-y and rcTiniiig furnaces, 
and the like, represent from 25 to 80 per cent, of that of the fuel supplied. 
A considerable portion of this h(^at is reclaimed in the modern plant by 
so-called waste-heat boilers. Inasmuch as the tcinperaturo of waste gai^es 
available for this purpose* vari(‘s from below 1000 deg. fahr.,' for lohg 
cement kilns, up to 2300 for melting furnaces, it is obvious that a boiler 
proportioned for direct fuel burmng may b(^ wholly unsuited for absorlv 
ing waste heat efficiently. With gases around 1000 d(‘g. fahr., the heat 
transfer by radiation is almost negligible, while for tcMiiperatures around 
2000 deg. fahr., the radiation is appreciable. Wliiae the waste gases are 
discharged at a temperature* above 2000 deg. fahr., the waste-heat boiler 
differs but little from that of a direct fin^d unit. However, the majority 
of waste-heat boilers in service are utilizing gas(‘s at temperatures ranging 
from 1100 to 1700 deg. fahr., and, since^ for this condition heat transfer 
is mainly by convection, the arrang(*ment of heating surface and baffles 
must be modified to suit the new conditions. With low-temperature 
gases, to obtain a heat-transfer rate at all compai’able with that found in 
ordinary boiler practice, the deficiency in temperature must be offset by an 
added velocity of the gasevs and an hicreased lc*ngth of travel. Attention 
should also be called to the*, fact that the gases available for this class of 
work are almost invariably dirty; therefore, provision must be made for 
cleaning, by the installation of access doors, thiough which all parts of the 
setting may be reached. In many instanc(*s, s(*ttling chambers are pro- 
vided for the dust before the* gas(‘s reach tlu* boik^r. Fuilhermore, the 
operation of the boiler must in no way int(*rfere with the operation of the 
primary furnace to which it is connected, and b>'-pass flues and dampers 
must be arranged so that the waste gases can be pass(*d up the stack or to 
another waste-heat boiler. In order to obtain a high rat(* of heat transfer 
by increasing the velocity of the gases and the* k'ligth of gas passages, the 
friction drop through the boiler becomes gr(*atly in excess of what would 
be considered good practicje in direct fired l)oilers, and mechanical draft 
is usually necessary. This is due to the fact that draft must be pro- 
vided not only for the waste-heat boiler Init for* the requirements of 
the primary furnace. If the supply of waste heat is not continuous, as 
is frequently the case, it is customary to install auxiliary apparatus for 
direct firing. 
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TisL. Reheat Boilers. — 1 toilers whoHO main function is to reheat the 
exhaust steam from hi^h-pressure engines or turbines, and at the same 
time gen(Tate high-j)ressure superheated steam from ^^'ater, are known as 
reheat l)oilers. Basically, they are not different from other boilers genera- 
ting high-pressure superheated steam. See paragraph 405. 

73. Heat Transmission Through Boiler Heating Surfaces. — All parts of 
the boiler shell, fliu'S, or tubes which are covercnl by water and exposed 
to hot gases constitute the h(*ating surface. Any surfacie having steam 
on one side and exposed to hot. gases on th(' oth('r is sui)(^rheating surface. 
According to the A.S.M.E. Boiler Code, the side lu^xt the gases is to l)e 
used in measuring the (^xtent of the Inhaling surface. Thus measure- 
ments are made of the' inside area 
of fire tubes and th(' outsider an^a of 
wattir tubes. Each scpiare foot of 
heating surface is capable of trans- 
mitting a cei’tain amount of lu^at, 
depending upon the conductivity of 
the material, the character of surface, 
the temperature difference bet. ween 
the gases and the metal surface*, the 
location and arrangememt of the 
tub(is, and the density and th(' velo- 
city of the gases. 

Figure 50 shows a section through 
a boiler-heating plate and serves to 
illustrate the accej^ted theory of heat 
transmission. The outer surface of 
the plate is covered with a thin layei- 
of soot and a film of gas, and the 
inner surface is similarly protected 
by a layer of scah^ and a film of 
steam and w^ater. It is, therefore, 

Tf-easonable to assume that the dry 
surface of the plate* is located somewhere within the fihn of gas, and the 
wet surfaces within the fihn of water and steam. 

The heat is imparted to the dry surface by: (1) radiation from the hot 
fuel bed and furnace walls, and by (2) convection from ‘the moving furnace 
gases. The heat is transferred through the boiler plate and its coatings 
purely by conduction. The final transfer from the wet surface to the 
water is mainly by convection. 

Radiation depends on the temperature, and, according to the law of 
StMan and Boltzmann, is approximately proportional to the difference 
between the fourth power of the absolute temperature of the fuel bed and 



A~Average Temperature of Moving Guei. 
B = Average Temperaturo of Dry burfooe. 
C = Average Temperature of Wet BuriaM. 
D =Temperalare of Water lu Boiler. 

Fig. 50. Heat Transmission Through 
B(jiU*r Plate. 
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furnace walls and the temperature of the dry surface of the heating plate. 
According to this law, th(‘ heat transmitted by radiation increases rapidly 
with the in(;r(‘ase in fuiiiaee temperature. Increasing the furnace tem- 
perature from 2000 to 3000 dog. fahi*. will lu'arly (piadruj^lc' the amount 
of heat imparted to the boiler by radiation. A drop in temperature from 
2500 to 2400 deg. fahr. will rediiex' the amount about 12 per cent. The 
rate at which heat is radiab^d to tiu^ boil(T h('ating surface is a function of 
the angle of exposun; of th(‘ radiating surface, but is not influenc(‘d by the 
distance or shape of the boih'r surface. With c(Mtain finals, such as blast- 
furnace gas, wet wood, or bagasse', where the high(\st attainable^ tempei’a- 
ture can be carried l)y the bri(‘,kwork, it is b(\st to absorb })ut little radiant 
heat, in ordea- to maintain a high furnace temperature. With th(^ higher- 
grade fuels it is necessary to absorl) a considerable amount of the' radiant 
heat in order to pj('V(‘iit too ra[)id (k'sti uctioli of the^ furiiaeie refractories. 
In the modern boilei' and setting, such as illustrate'd in Figs. 42 and 94, 
over 50 per cent of the' t.e)tal heat absorption at i-ating is frean radiation. 

For two “ black bodies ” with parallel faces exposed to e'ach other, the 
heat transfer by radiation may be ('xpress(‘d by the equation 

n = ( 42 ) 

H = B.t.u. per hr. p(‘r sep ft. 

1600 = radiation constant for black boelie's 

Ti, Ti = temperature Of the he)t and cold bodie\s respectively, de^g. 
fahr. abs. 

In the actual furnace with water tubes, the rate of absorption will be 
from 0.2 to 0.3 of the theoretical, depending upon the nature of the surface. 
Consult Radiant Heat,” Coinbudion, March, 1920, p. 170. 

In calculating the total he'at transmission the resistance of the metal 
itself is so small that it may be neglected, and it may be logically assumed 
that the plate Avill take care of all th(^ heat that reaches its dry surface. 

In most boilers, where only a small portion of the heating surface is 
exposed to direct radiation from the incand('scent fuel bed, and in waste- 
heat boilers, the greater part of the heat is tlansferred to the surface 
by convection. 

The amount of heat imparted by convection from heated gases to cooler 
metal surfaces has been the subject of a great deal of investigation, both 
from the experimental and theoretical side. Numerous attempts have 
been made to correlate the (Experimental data with the theoretical de- 
ductions, but the results have been far from harmonious. This, however, 
has had little effect on the i)ractical development of the boiler, and it is 
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quite possible that a more eoinplete iiii(leiHtiii](Iinfi; of the phenomeiia 
will have no radical oth'ct, on the pn'seni design. 

Expcrinients conducted by II. P. Jordan and the Babcock and Wilcox (k).^ 
indicate that rate of heat transfer by convection in steam boilers varic's 
approximately according to the law 

= K + BW/A (43) 


in which 

IJ = coefficient of h(‘at transfer, B.t.ii. i)er hr. per s(]. ft. per degree 
difference in ten q)(‘rat lire. 

K = coefficient, det(*rmiiied experimentally. 

B = Si function of thc' dimensions of air passage and mean temperature 
difference of tiie gas and metal. 

W = weight of gases flowing, lb. per hr. 

A = average ci'oss sectional area of th(* gas passages through the 
boiler, sq. ft. 

Thc quantity W/A is calked the mass velocity, and is approximately 
1000 for the average boilin' oi)erating at raf iMl e.apainty. 

K is constant for a given design and rangivs in value from 1 to 3.5. 
This constant (1) is greater for water tub(\s than for fire tubes of the 
same size, (2) is greater as the diameter of tlu‘ tube di'creases, and (3) 
is greater as the space betweini water tubes diHainises. l"or the standard 
type of longitudinal-drum ])oiler, K is approximately 2.0 at 100 to 150 
per cent rating. 

B ranges in value from 0.0005 to 0.004 and (1) is greater for water 
tubes than fire tubes, (2) is greater as the diainetc'r of the tube increases, 
and (3) is greater as the temperature difference between steam and gas 
increases. For the standard type of Babcock & Wilcox boiler, B is ap- 
proximately 0.0014 at 100 to 150 ])er cent rating. 

An examination of (uiuation (43) shows that, for a given sot of con- 
ditions and within certain limits, the rate of heat transfer varies directly 
with thc weight of gases flowing per unit area of gas passage. This is 
iM)t strictly true, since the rate of hi'at. transfer varies as some f)ower of 
the weight less than unity. But within narrow limits it is sufficiently 
accurate to consider the exponent as unity. 

E. A. Fessenden'^ gives the following empirical forimila for determining 
the drop in temperature of a gas flowing through a flue, which harmonizes 

^ Experiments on the Rate of Heat Transfer from a hot gas to a cooler surface pub- 
lished by the Babcock and Wilcox Co., New York, 1916. 

2 Trans. A.S.M.E., Vol. 38, 1916, p. 407. 
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the results of a large nunil)cr of t('sts; 

loglog {TJtx) - loglog {T^/h) = ML (44) 

wherein Ti and T^, are the mean absolute) temperatures of gas at two 
points in the flue. 

loglog = logarithm of the logarithm. 

h ~ mean abs. temp, of metallic wall, deg. fahr. \ 

L = distance^ betwe(‘n points, ft. 

M is a function of th(‘ rate of gas flow in the tube) and the 
diameter, as given in P"ig. 51. 

The temperature vari(\s direerly with M ; that is, it falls when a large 
flow of gas occurs, or with increased size of %ies, which reduces the “ hy- 



Fig. 51. Effect of Flow and Flue Diam- Fig. 52. Relation Between Tem- 

eter on Coefficient M. peraturo of Gases and Heating 

Surface Passed Over. 


draulic depth. Low values of M mean lower efficiencies, although the 
total transfer may be increased. 

The curve in Fig. 52 is based on Formula (44) for 2500 deg. fahr. initial, 
450 deg. exit and 360 deg. steam temperatures. 

Experiments by Prof. Nicholson^ and the U. S. Bureau of Mines^ show 

^ Proc. liust. of Engrg. & Shipbuilders, 1910. 

2 Bui. 18, U. S. Bureau of Mines, 1912. 
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that by cstal)lishiii| 2 ; a powerful scrubbing action between the gases and 
the boiler plate the protecting film of gas is torn oil as rapidly as \i is formed 
and new portions of the hot gases are brought into contact with the plate, 
thereby greatly in(a‘(‘asing th(^ late of heat ti'aiismissioii. Similarly, the 
faster the circulation of the wat(u*, the grcviter will Ix' the scrubbing action 
tending to remove the bubbles of steam from tli(‘ wet suiface, and the 
more rapid will be the transfer from the plate to the boiler wat('r. 

Professor Nicholson found that by filling up the tine of a Cornish boiler 
with an internal water vessel, leaving an annular si)ac(‘ of only 1 in. ai’ound 
the latter, an evaporation eight times the ordinary rat(' was (‘ffected at a 
flow of gases 330 ft. {)er sec. (8 to 10 times the average flow). 3'he fan 
for creating the draft (’onsumed about 1 lf2 i)er (xnit of th(‘ total jK)wer. 

The conclusion is that tlu^ luxating surface' may be n'ducc'd as much as 
90 per cent for the' sani(‘ output und(‘r ('xisting ratings, with a correspond- 
ing reduction in the size', exjst, anel sf)ace rve|uire'meiits, or, with a given 
heating surface of standard rating, the' output may be' e'liormously increased; 
also the increase in pe)we'r ne'e'essary to creates the elraft is by no means 
comparable with the advantage's gaineel. 

The mode'rn le)com()tive boile'r is the nearest appre)ach to these e^on- 
ditions in practice. Here' a powe'rful draft forex's the he'ate'el gases through 
small tubers at a very high ve'le)city, anel iu\ e'norme)us e'vaj)e)ration is 
effected with a comparative'ly small he^ating surface'. 

These principles have; be'cn api)lie'd te) a liinite'd exte'iit to stationary 
boilers already installed, by making the' gas passages smalle'r as compared 
to the leuigth, and by forcing larger we'ight of gas through the boiler ciither 
by forced draft or by incre'asing the' grate ar(*a. 

The three distinct me‘the)els of heat transfe'r, radiation, cemvection, 
and conduction, elo ne)t e;xist separately in the' modeni steam boiler, but 
are operating at the same time. For this re'ason engineers fine] it con- 
venient, for purposes of comparison, to conside'i- tjie total heat transfer 
for the entire surface irrespective of the method of transmission. As- 
smning no losses in transmission, the actual hc'at ('xchange may be ex- 
pressed 

= wet = w f//i - q 2 ) (45) 

in which 

S = sq. ft. of heating surface 

U = mean coefficient of heat transfer, B.t.u. per sq. ft: per deg. dif- 
ference in temperature per hr. 

d = mean temperature difference between the h(;ated gases and the 
metal surface, deg. fahr. 

W = weight of gases flowing, lb. per hr. 
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C = average^ mean specific heat of the gases 

t == mean temperature drop of the gases between furnace and breech- 
ing, deg. fahr. 

w = weight of water evaporated, under actual conditions, lb. per hr. 

Hi = heat content of the steam, B.t.u. per hr. 
q 2 = heat content of the feedwater, B.t.u. per hr. 

The mean value of U varies within wide limits, as may be expected from 
the number of influencing factors. For surfaces exposed to direct radia- 
tion, U may be apiiroximated from e(|uations (42-44), and for surfaces 
receiving heat by coiiv('ction only, (‘cpiation (43) is ordinarily usckI. 

For the average boiler operating at rated capacity, the mean value of 
U for the entire sinface varies from 3 to 5. Modern high-set, coal-burn- 
ing boilers, such as the one illustrated in Fig. 109, have values of U at 
maximum overload ranging from 6 to 12. In locomotive and marine 
boilers, U ranges from 8 to 20, and in waste-heat boilers from 2 to 15. 

Example 19. — A boiler unit evaporates 32,000 lb. of water per hr. 
from a feedwater temperature of 200 deg. fahr. to steam at 200 lb. abs. 
pressure. Tempen-ature of furnace, flue gas, and feedwater, 2550, 550, 
and 200 deg. fahr. respectively; heating surface 4000 sq. ft. Calculate 
the mean value of U, 

Solution. — From steam tables, II i = 1108, q 2 = 168, temp(naturo of 
the steam = 382. 

d = (2550 + 550) /2 - 382 = 1168. (See paragraph 224.) 
Substituting these value's in equation (45) and reducing 
4000 X t/ X 1168 = 32,000 (1198 - 168) 

from which 

U = 7.1 

The maximum evaporation is limited only by the amount of coal which 
can be burned. For example, a mean evaporation as high as 23.3 lb. 
(22,600 B.t.u.) per sq. ft. of berating surface per hr. has been effected in 
locomotive work under intense forced draft, jmd 13.9 lb. (13,500 B.t.u.) 
per sq. ft. per hr. is not unusual in large central station boilers operating 
at peak loads. Sindi extreme high rates of evaporation, however, are 
invariably obtained at the expense of fuel economy. In the very latest 
central stations, the boiler and settings are proportioned to operate con- 
tinuously at 200 to 300 per cent of standard rating with high overall 
efficiency and 450 per cent of rating for two or three hours, with only a 
small drop in efficienc'y, l)ut such results are not obtainable in the ordinary 
furnace and setting. 
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Builders of return-tubular and vertical fire-tube boilers allow from 10 
to 12 sq. ft. of heating surface per boiler horsepower (b.hp.); water-tube 
boilers are rated at 10 sq. ft. per b.hp., and Scotch marine boilers at 8 sq. 
ft. per b.hp. 

Table 23 shows approximately the relation between b.hp. and heating 
surface for different rates of evaporation: 

TABLE 23 

RELATION RETWEEN EVAPORATION AND HEATINO SURF ACE 


Evaporation from and at 212 Dck Igiiir. per Sq. Ft. per Ur. 

2 2.5 3 0 3.5 4 5 6 7 S 9 

Sq Ft. Heating Surface Required per B.IIp. 

17.3 13.8 IJ 5 9 8 8.6 6 8 5.8 4.9 4 3 3.8 

B.t.u. per Hr. per Sq. Ft. Heating Surface (Thousands of B.t.u ) 
1.9 2 4 2 9 3 4 3 9 4 8 5.8 6.8 7.7 8.7 


10 

3.5 


9.7 


The Transmission of Heat into i^tcam Boilers: IT. S. Bureau of Mines, Bui. No. 18, 
1912. Radiant Heat: ('ombustion, March, 1926, j) 170. 

74. Boiler Performance. — Tests of any kind, unless eondueted in ac- 
cordance with some accepted standard, are apt to ))c misleading and 
frequently are valueless for purposes of coiuifiarison. The accejitod 
standard in the United States for testing power idant apparatus is that 
recommended by the Uommittee on Power Test CTodes of the American 
Society of Mechanical Engineers, and published under the title Rules 
for Conducting Performance Tests of Power Plant Apparatus.” These 
rules, formulated by well-known speciali.sts, give comidete instructions 
regarding tests in general and a detailed analysis of the various items 
entering into the performance of boilers. The latest code is that approved 
March 11, 1924, and designated as “ The Test Code for Stationary Steam 
Boilers, including Stokers, Superheaters, Economizers, and Air Pre- 
heaters.” In the following paragraphs boiler performance will be analyzed 
in Accordance with the old, or 1915, code, liei'ausc practic’ally all tests up 
to June, 1924, are based on these rules; but special attention is called to 
the particular items wherein the two codes differ. The changes in the 
new code are more in the matter of recording data than in the test methods 
themselves, though, as may be expected, the new code is the more com- 
prehensive because of development in boiler-plant design. In the 1915 
code a single form was used for all classes of boiler eiiuipment and fuels; 
in the new code special forms are used for different combinations of boilers. 
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superheaters, economizers and air preheaters, and for solid, liquid and 
gaseous fuels. The subdivisions of the new, or 1923, code are as follows: 

SOLID FUIOLS 

Table la. Data and results, test of stationary steam-generating unit. 

Table lb. Heat balance of steam-generating unit. Short form. 

Table Ic. (Jomputations for t(\st of stationary steam-generating, unit. 

Ta])le Id. Heat-l)alance computations, short form. I 

Table 2h. Heat l)alan(‘e of steam-generating unit comprising qoiler 
and superheater, with or without integral economizers. ' 

Table 2d. Heat balance computations for Table 2h. 

Tabl(' 3^>. Heat balaiHU‘ of st(‘ani-g('n(Tating unit comprising boiler, 
superheater, and (H^onomizer. , 

Table 3d. Heat-balance computations for Table ^b. 

Table 46. Heat balaiKH^, of steam-generating unit comprising boiler, 
superheater, econoiniz('r, arid air heater. 

Table 4d. Heat-balance computations for Table 46. 

LIQUID FUELS 

Same tabular headings as for* Solid J<\iels. 

GASEOUS FUELS 

Same tabular headings as for Solid Fuels. 

75. Units of Capacity. — Ac^cording to th(* 1923 A.S.M.E. Boiler Code, 
the output of a boiler equipment may be expressed as: 

(а) The wenght of watcT f(‘d to th(‘ boilcn- per hour at observed pressure 
and (piality or temperaturr*, and obscuved feedwater temperature. 

(б) The ecpiivalent evaporation p(T hour from and at 212 deg. fahr., 
and 

(c) Boiler horsepow(T. 

The weight of water fed to the boiler per hour under actual conditions 
is obtained directly from t(\st measurements. ^ 

Because' of the extreme' range in practice in boiler pressure, quality, 
superheat, anel feedwater temperature', the statement of pounels of water 
evaporated per hour gives no direct inelication of the amount of heat 
absorbed, and for this reason a fixed condition of pressure, temperature, 
and quality is takem as a standard for comparison. The unit selected is 
the latent heat of vaporization of 1 lb. of steam at standard atmospheric 
pressure (14.7 lb. per sip in. abs.). The latent heat under these con- 
ditions is the amount of heat absorbed by 1 lb. of water at a temperature 
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of 212 deg. fahr. in being converted to dry steam at the same temperature. 
The weight of water actually evaporated under observed conditions, ex- 
pressed in terms of the w('ight which would be evaporated if the pressure 
were 14.7 lb. abs. and the feedwater temperature 212 deg, fahr., is called 
the equivalent evaporation from and at 212 deg. fahr. Thus it will bo 
seen that th(* ecpiivalent evaporation multi j)lied by 070.4 (Marks and 
Davis^ value of th(' lat(‘nt heat of vajKjrization at atmospheric pressuni) 
gives the same total heat absorption as that under actual obsinwed con- 
ditions. In ordci’ to facilitate transterence^ from “ actual to ‘‘ from 
and at 212,” the factor of evaporation has Immui established. This factor, 
Fj is the ratio of th(' la^jit absorbed by 1 lb. of fe(‘d water uikUu' actual 
conditions to what it would absoib if th(‘*pressur(^ were 14.7 lb. abs. and 
the feedwater temperature 2J2 d(‘g. fahr., or, 


F = 


H - qi 

070.4 


( 46 ) 


in which 

H = heat content of 1 lb. of steam at observf'd pr('ssure and tem- 
perature or (luality, JLt.u. per lb. above 32 d(?g. fahr. 
qz = heat content of 1 lb. of feedwater at obs(‘rv(Hl t(‘mperature, 
B.t.u. p(U* lb. For most purpose's (]>> = li — 32, in which 
U = tem{)erature of the f(*edwater. 

970.4 = latent heat of 1 lb. of steam at atmosj)h(‘ri(‘, pressures (Marks & 
Davis’). C. A. (Joodenough’s value is 071.7. 

The values of // for satmab'd and superheateul steam may be found 
in steam tables. For wet steam, 11 may b(' c.alculatxHl from the relation- 
ship : 

II = xr + (j (47) 

in which 

X = (piality of the steam, 

r = latent heat at observed pressure, B.t.u. per lb., 

• q ■-= heat of the liquid at observed pressun', B.t.u. per lb. 

The boiler horsepower, b.hp., as originally defined (Ckmtennial Rating) 
was based on a conventional eaigiiu*, water rate of 30 lb. of steam per 
i.hp.-hr. at 70-lb. gage pressure and fec'dwater at 100 deg. fahr. This 
is equivalent to 34.5 lb. of steam “ from and at 212 deg. fahr.” or 
34.5 X 970.4 = 33,479 B.t.u. per hr. 

The present, or A.S.M.E., standard b.hp. is the evaporation of 34.5 lb. 
of water from and at 212 deg. fahr. and, therefore, is the same in the 
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amount of heat absorbed as the Centennial b.hp. Since water rates vary 
from 5.5 lb. per hp.-hr., in the most economical grades of condensing 
engines using highly supcrheatc^d steam, to 60 or 70 lb. per hp.-hr., in 
small non-condensing engines, it is apparent that the b.hp. has no con- 
nection whatevcT with the water rate of the engine. The power is de- 
veloped in the engine, and the boiler itself does no work; therefore, the 
term b.hp. is purely arbitrary and misleading. 

Manufactur(*rs of stationary boilers ordinarily rate their boilers on 
the basis of 10 sq. ft. of heating surface per b.hp., and the powej assigned 
is called the builder’s rating. If used as an index of size only, '' mted 
horsepower ” is a satisfactory unit, but as the size of the boiler bears no 
relation to the horsepower of tile (engines it can furnish with steam, the 
term “horsepower'' may well be omitted, and the extent of heating 
surface only be specified. 

Example 20. — A boiler unit evaporates 30,000 lb. of water per hr. 
from feedwater at temperature 180 deg. fahr., to steam at 250 lb. abs. 
pressure and 600 deg. fahr. Required the factor of evaporation, equiva- 
lent evaporation, and b.hp. developed. 

Solution. — From steam tables, H = 1313.9 and qi = 180 — 32 = 
148. Substituting th(?se values in equation (45) and solving for F, 

F = (1313.9 - 148) -s- 970.4 = 1.201. 

The factor in this case signifies that it takes the same amount of heat to 
evaporate 1.201 lb. of \<ater from a temperature of 212 deg. fahr. to 
steam at atmospherics pn'ssure as it does to evaporate 1 lb. of water 
from a temperature of 180 deg. to superheated steam at 250 lb. pressure 
and 600 deg. temperature. 

The equivalent evaporation per hr. is therefore SOJIQP X 1.201 = 
36,030 lb. and the b.hp. = 36,030 34.5 = 1044. If the boiler is^per- 

ated at a builder’s rating of 10 sep ft. of heating surface per b.hp., 10,440 
sq. ft. of heating surfac.e would be required. If operated at 200 per cent 
of rating, 5,220 sq. ft. would be required. In large central stations boiler 
units are frecpiently driven during pc^ak loads at 350 to 450 per cent of 
rating. 

Because of the variation in the value of the latent heat of vaporizatiqn 
at atmospheric pressure as given by different authorities, and the fact 
that computations must in any case be made in B.t.u., the Power Test 
Code Committee of the A.S.M.E. recommends that the capacity be given 
in heat units per hr. instead of b.hp., and that the round number 1000 be 
taken as the unit of evaporation instead of 970.4. For the data in Ex- 
ample 20, this would give the total heat output as 30,000 (1313.9 — 148) 
= 34,977,000 B.t.u. per hr. or 34,977,000 -r 1000 = 34,977 units of 
evaporation. It will be seen that the units of evaporation (using 1000 
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as a basis) are but 3 per eent lower than the ec^uivalent from and at 212 
deg. fahr., and offer the advantage of direct conversion into B.t.u. without 
calculation. 

76. Units of Performance. — A(‘cording to the final draft (March, 1923) 
of the revised code, th(' p(M*formance of a boiler (including filing (‘quip- 
ment) should be expressed in terms of 


SOLID FUELS 

(1) Efficiency of boiler, sii])erh(^ater, furnace, grate and air heater: 
Ratio of heat units output to high calorific; value of dry fued or fuel as 
fired. (Omit '' superheater and “ air hc^ater if the unit is not equipped 
with these appliances.) 

(2) Efficiency, including economizei’. 

(3) Fuel (dry and as fired) pc‘r hr.; per sep ft. of grate; per sq. ft. of 
retort and per burner peu' hr. 

(4) Combustion space per lb. of fued (dry and as fircid) jrer hr. 

(5) Actual and equivalent evapor-ation jrer lb. of fued (dry and as 
fired) per hr. 

(6) Equivalent evaporation per sep ft. of hc'ating surface per hr. 

(7) Number of 1000 B.t.u. absorbed pea- sep ft. of boil(;r heating surface 
per. hr. 

(8) Boiler horsepower, average. 

(9) Percentage rating. 

The same items are used for liquid and gasc'ous fuels, except that the 
terms “ grate and “ retort '' are replaced by the' tonu “ burner." 

Performanc.e in tcaaiis cjf “ ccjinbustible," as si)CM;ified in the 1915 code, 
has been omitted from the rcwiscal code and is not mentioned in the 
code on definitions and values. 

The more important of thevse; items will be considered separately. 

77. Boiler, Superheater, Furnace, Grate and Air-heater Efficiency. — A 
perfect boiler and furnac(; is one that transmits to th(‘ water in the boiler 
the total heat of the fuel and air. In order to effect this result, combustion 
must be complete, there* must be no radiat ion or leakage loss(;s, and the 
products of combustion must be discharged at approximately the initial 
temperature of the fuel. No commercial form of steam boiler can fulfill 
these conditions; hence the amount of heat absorbed by the boiler will 
always be less than the high calorific value of the fu(d. 

A general expression for overall efficiency of a steam-generating unit is 

E = W(H,- q^) Hf ( 48 ) 
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in which 

E = efficiency of the boiler (‘quipincmt, consistiiif? of boiler, super- 
h(^at(‘r, furnac(‘, grate, air heater, and economizer, or of as 
many of th(\se appliances as anj included in th(^ equipment. 

W = weight of f(HHlwat(T evaporated into steam, at the observed 
pr(‘ssur(' and (puility, lb. per lb. of fiu'l as fired or dry. 

Hi = heat conbait of the st(\ani, at observi'd i)r(\ssure and quality, 
B.t.u. i)er 11). above 32 deg. fahr. 

g 2 = heat content of t h(* f(‘(‘dwater as fed into the boiler, B.t.u. p^r lb. 
abov(i 32 d(‘g. fahr. The efficieiic}^ is fn^quently expressed as 
“ with or without economize'!.” The former is obtained by 
taking q 2 as the heat content of the water entering the boiler 
and the latter as tliat of the water entering the economizer. 
For all practical i)urposcs, may be taken as fe — 32, in 

which /o — temperalure of the feedwater, deg. fahr. 

Ilf = high calorific* value of tlic' fued as fired or dry, depending upon 
the basis to which IT is referred. 

I'est Code for Slalionarij Slc(un Grmrating Uuita (Preliminary Draft); Mech. Engrg., 
Sep. 19213, pp. 51S .W. 

The efficdeiicy basc'd on combustible ” was included in the 1915 Code 
but has bc'en dropped in the rc'vised Code. This efficiency is calculated 
from ecpiatioii (48) by referring W to a combustible as burned basis 
and taking 7// as the calorific value' of the “ combustible.’^ 

The various itc'ins involvc'd in the efficiency calculation of a steam- 
generating unit arc' best brought out by a concrete example. For sim- 
plicity, the unit is assumc'd to bc' without superheater, air heater, or 
economizer. 

Example 21. — Calculate' the' capacity and economy of a steam-gen- 
erating unit on the' as fired ” and “ combustible ” basis, using the 
following data: 


DATA AS OBSERVED 


Boiler heating surface, sq. ft. ' 20,000 

Builder’s rating, hp. 2,000 

Steam pressure, lb. per sq. in. gage 151.0 

Barometric; prc'ssure, lb. per sq. in 14.0 

Steam prevssure, lb. jict sq. in. al)s. . 165.0 

Temperature of feedwater, deg. fahr. . 161.9 

Temperature' of fl\ie gases, d('g. fahr. 480.0 

Temiperiiture of boiler room, deg. fahr 60.0 

Quality of steam, perr eent 98.0 

Water actually evajiorated, lb. per hr 86,000 

Coal as fired, lb. per hr 10,000 

Refuse removed from ashpit, lb. per hr 1,600 
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COAL ANALYSIS, PER CENT OF COAL AS FIRED 


Moisture 8 

Ash 12 

B.f.ii per pound, 1 l,2r)(). 

Solution. — From steam 1al>l(‘s, lat-(‘iit heat and heai of liquid of steam 
at 165 lb. abs. = cS56.8 and 83S.2 H.t.u. per lb., n'speetively. Thfurforo 


Heat content of st(‘am = O.hS X 856.8 + 31^8.2 = 1177.9 H.t.u. above 
32 deK- fahi*. 

Heat absorbed by 1 11). of f(‘(‘dwater = 1177.9 — (161.9 — 32) = 1048 
H.t.u. 

B.hp. = 86,000 X 10*18 (970.4 X 34.5) = 2692. Perc('ntap;e of rated 

capacity develo|)e(l, 100 (2692 2000) — 134. (i. 

Factor of evaporation = 1048 970.4 — 1.08, 

Water actually eva])orateTl p(T lb. of (‘.oal as lilt'd ~ 8(),000 10,000 

= 8.6 lb. 

Equivalent evaporation j^t'r lb. of coal as fin'd == 8.() X 1.08 = 9.29 lb. 

Heat absorbed by the boiler pt'r lb. of coal as firt'd = 9.29 X 970.4 = 
9015 H.t.u. 

Efficiency of boiler, furnace, and f>;rate = 9015 11,250 = 0.801 or 

80.1 per cent. 

Refuse in ash reft'rrt'd to coal as fired == 1600 10,000 = 0.16 or 

16.0 per cent. 

Combustible burned on the fijratt' rt'h'rrt'd to coal as fired = 100 — 
(8 + 16) = 76.0 per cent. 

Equivalent evajioration per lb. of combustible burnt'd = 9.29 -r- 0.76 
= 12.22 lb. 

Heat absorbed per lb. of com bust ibh' burned = 12.22 X 970.4 = 
11,858 H.t.u. 

Combustible as fired = 100 - (8 + 12) = 80.00 pt'r cent. 

Calorific value of the combustible as fin'd == 11,250 0.80 = 14,062 

H.t.u. 

Efficiency based on combustible = (11,858 M,0(>2)100 = 84.3 per 

cent. 

Number of 1000 H.t.u. heat units absorbed per stp ft. of boiler heating 
surface per hr. = 86,000 X 1.08 X 970.4 - (20,000 X 1000) = 4.5. 

Attempts have been made to separate the combincul efficic'ncy of boiler, 
furnace, and grate into t^vo parts, viz., ('fficieTu^v of the boiler alone and 
efficiency of the furnace and grate; but the results have been discordant 
and involve the use of factors which cannot be obtaiiu'd with any degree 
of accuracy. Thus “ true ” boiler efficiency has been defiiK'd as the ratio 
of the heat absorbed to that available. Th(' heat absorbed is taken 
as the difference between the heat generati'd in th(' furnace and that 
discharged into the flue, and the “ available ” heat is di'fined as the dif- 
ference between the heat generated in the furnace and that discharged 
by the products of combustion at the temperature of the saturated steam. 
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If Wfj Wc = weight of the products of combustion in the furnace 
and passing through the uptake, respectively, lb. 
per hr. 

Tf, Tcj Tsj T = absolute tc'inpc^raturc of the furnace gases, flue gases, 
saturat('d steam and boiler room, respectively, 
deg. fahr. 

('h ('ey Cs = mean specific heat of the products of combustiop for 
temperatui'(' ranges t to //, Uj isj respectively. 

\ 

Then, neglecting radiation and minor losses, the “ true boiler icffi- 
ciency ec^uals 


WjCjTf - WcCcTc 

WjC/Tf - WcC57\ 


(49) 


Assuming no leakage, w/ = aw and neglecting the difference in the 
mean specific h('ats, Cf = q = Cj. With these assumptions, equation 
(49) reduces to 


7 ? — 

“ Tf - ~ tf-ts 


(50) 


The maximum theoretical eflSciency, - 02 , of the boiler or the efficiency 
of th(^ ideal or perfect l)()iler, based on utilizing all the heat except the 
inherent losses, may be expressed as 

• E2 = (H - I)/H (51) 

in which 

H = calorific value of the coal as fired, 

I = inherent losses as analyzed in paragraph 59. 

The efficiency ratio, or the extent to which the theoretical possi- 
bilities arc realized, may be taken as 

Ea = E/E^ (52) 

in which 

( 

E = efficiency of the boiler, furnace, superheater, grate, air heatfer, 
and economizer, or of as many of these appliances as are 
included in the equipment. 

E 2 = as in equation (51). 

The furnace and grate efficiency, E 4 , based on heat available, may be 
expressed 


E, = [H -{I F)] ^{H-F) 


(53) 
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in which F = furnace losses, consisting of (a) loss due to unburned fuel 
dropping through the grate or withdrawn from th(' furnace, {b) loss due 
to the production of CO, (c) loss duo to escai)e of unburned hydrocarbons, 
(d) loss due to the combination of carbon and moisturt^ and production 
of hydrogen when fresh moist coal is thrown on a bed of white-hot coke, 
(c) radiation due to the funiaco and (/) unac(!()unt(Hl for losses due' to the 
furnace. (For an analysis of these losses, see^ paragraphs 49 to OU.) 

Equation (53) does not furnish a method of finding the true efficiency, 
because it, is impossible to de'termine loss {d) and impracticable^ to obtain 
loss (c) with the gas-testing appliances ordinarily available'. It is also 
almost impossibles to separate le)sses (e) unel (/) atti'ibuteel te) the furnace 
from the radiation and unaccounted for*^' losses attributed to the^ boiler 
alone. 


^I'ABLE 24 

RELATION BETWEEN FUEL eX)NSUMPTfON AND UOILPai, FUHNACE AND GRATE EFFICIENCY 
(PouhcIh of Fuel Burned per B Up -hr ) 


Calorific Vuluo 


Boiler, I'^urnace uiid ejralo UIlieuMio'. 


01 ruei, D.t.u. 











per Lb. 

40 

45 

50 

5.'. 

60 

65 

70 

75 

HO 

85 

7,500 

11 17 

9 91 

8 94 

8 12 

7 45 

0 K7 

G 37 

5.95 

5 58 

5 25 

8,000 

10 45 

9 30 

8 37 

7 GO 

G 97 

G 13 

r> 98 

5 58 

5 22 

4.92 

8,500 

0 S4 

8 75 

7 87 

7 12 

() 5(1 

0 o.'j 

5 G2 

5 25 

4 97 

4.63 

9,000 

0 30 

S 25 

7 45 

G 7G 

(i 20 

5 72 

5 31 

4 9G 

4 G5 

4.36 

9,500 

8 SO 

7 83 

7 05 

G 40 

5 87 

5 41 

5 02 

4 G9 

4 40 

4.14 

lojooo 

8 37 

7 44 

G 70 

G 09 

5 58 

5 15 

4 79 

4,4G 

4 18 

3 94 

10,500 

7 98 

7 09 

G 39 

5 SO 

5 SG 

4 90 

4 56 

4 2G 

3 99 

3.76 

11,000 

7 GO 

G 79 

G 09 

5 52 

5 OG 

4 G7 

4 34 

4 05 

3 80 

3.59 

11,500 

7 28 

G,49 

5 Ki 

5 29 

4 85 

4 47 

4 IG 

3 88 

3 G4 

3.45 

12,000 

G 97 

G 22 

5 58 

5 OG 

4 G5 

4 28 

3 99 

3.72 

3 48 

3 28 

12,500 

G G9 

5 97 

5 35 

4 SG 

4.4G 

4 11 

3 82 

3 57 

3 34 

3 14 

13,000 

G 44 

5 71 

5 15 

4 G8 

4.29 

3 9G 

3 G8 

3.43 

3.22 

3.02 

13,500 

6 20 

5 52 

4 9G 

4 51 

4 IS 

3 81 

3 54 

3.31 

3 10 

2.91 

14,000 

5 9S 

5 33 

4 79 

4 35 

3 99 

3 GS 

3 42 

3 19 

2.99 

2 81 

14,500 

5 77 

5 15 

4 G2 

4 20 

3 84 

3 54 

3 30 

3 OS 

2 88 

2.72 

15,000 

5 58 

4 9G 

4 47 

4.06 

3 72 

3 43 

3 19 

2 98 

2 79 

2 64 


In practice, the operatyig engineer is (;hie*fiy concerne^d with the com- 
bined efficiency of the boiler, superheater, economizer, air heater, furnace, 
and grate, as defined by the A.S.M.E. Boiler Code. This factor is readily 
determined with the ordinary instruments found in the average modern 
plant. In attempting to better the efficiency, it is necessary to separate 
the various losses as described in paragraphs 49 to 57, since this pro- 
cedure enables the engineer to locate the source of loss, and, by com- 
paring the actual and inherent losses, to show where improvement may 
be effected. Although efficiencies of 85 per cent or more have been 
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realized in several instances without the use of economizers or air heaters, 
such performances cannot be expected for continuous operation. In 
plants where there are no peak loads and the boiler may be operated under 
a constant scit of conditions, a continuous efficiency of 83 per cent has 
been realized with bulk coal as fuel, and 85 per cent with fuel oil or powdered 
coal, but these figures arc exceptional. In large central stations, having 
the usual peak loads in the morning and evening, and long banking periods, 
overall yearly efficiency is s(‘ldom greater than 78 per cent, though the 
boilers may be giving 80 to 8G per c(mt efficiency when operating at the 
most economical load. In large isolated stations with variable loads, 
an overall boiler and furnace efficiency on the yc^arly basis of 70 per cent 
is exceptional and a fair average^ is not far from G5 per cent. Small isolated 
stations, that show at time's an efficiency as, high as 75 per cent, seldom 
averag(^ 50 per cent for the year. In the small coal-burning house-heating 
plant, it is doubtful if tlie overall efficiency for the entire heating season 
exceeds 40 per cent. The preceding figures refc^r to boiler installations 
without economizers or air heaters. For influence of the latter on boiler, 



Per Cent of Rated Capacity - 

Fig. 53. Typical Performance Curves of Modem Boilers 
and Furnaces. No Economiaers. 

furnace, and grate efficiency, see paragraphs 261-3. In general, the 
overall efficiency is dependent primarily on the character of the fuel and 
the plant load factor. The greater the load factor, the smaller will be 
the standby losses (see paragraph 60), and the nearer will the overall 
efficiency approach test results. The usual discrepancy between effi- 
ciency as determined by special tests and average operation is due to 
the fact that the efficiency test is usually conducted under ideal con- 
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ditions. The boiler surfaces are cleaned, the rate of combustion carefully 
adjusted to maximum economy, and special attention p;iven the firing, 
whereas, in most plants these refinements an' sc'ldom atUanpb'd. In 
our strictly modern boiler plants, rc'finement of design and a systematic 
supervision of operation have resulted in overall efficienci('s far above 
anything hitherto thought possible. 


TABLIC 25 

RELATION BETWEEN HATE OF EVAPORATION PER POENl) OF PITEL AND 
BOILER, FURNAI’E AND (!R\TE EFFI(aEN<’Y 
(Pouiida of Water Kviiporafed per IIi. fioin uiid at 212 do^ falir poi pound of l''ucl) 


Calorific Value 


Hoiloi, I' liiiiMce and (iialo I'^flK'ioncy 


per Tib. 

10 

4:i 

:>() 

•iri 

(iO 

o:» 

70 

7,’i 

so 

85 

7,500 

3 09 

3 4S 

3.S6 

1 25 

4 61 

5 02 

5 11 

5. SO 

6. IS 

6 57 

8,000 

3 30 

3 71 

4 12 

4 55 

4 ‘)5 I 

5 ;u; 

5 77 

6 IS 

6 60 

7 01 

8,500 

3 51 

3 91 

4 3S 

1 SI 

5 2(> ! 

5 70 

6 11 

6 57 

7 01 

7 45 

9,000 

3 71 

4 IS 

1 64 

5 10 

5 56 * 

6 01 

6 50 

6 96 

7 42 

7.90 

9,500 

3 92 

1 11 

•1 »)(i 

5 39 

5 SS 

6 17 

6 SO 

7 35 

7 85 

S 33 

10,000 

4.12 

4 61 

5 16 

5 ()() 

6 19 

70 

7 21 

7 74 

S.25 

8 76 

10,500 

4 31 

4 S6 

5 40 

5 91 

6 IS 

7 01 

7 55 

S 10 

S 64 

9 17 

11,000 

4 52 

5 09 

5.65 

6 22 

6 79 

7 35 

7 91 

S 48 

9 05 

9 61 

11,500 

4 74 

5 31 

5 91 

6 50 

7 10 

7 69 

S 2S 

8 S6 

9 45 

10 0 

12,000 

4 94 

5 55 

6 16 

6 7S 

7 40 

S 01 

S ()4 

9 25 

9 86 

10 5 

12,500 

5 14 

5 7S 

6 42 

7 06 

7 70 

8 35 

9 00 

9 64 

10 3 

11 0 

13,000 

5 35 

6 01 

0 69 

7 35 

8 01 

8 ti9 

9 35 

10 0 

10 7 

11 4 

13,500 

5.56 

6.25 

6.95 

7 (;5 

8 31 

9 03 

9 72 

10 4 

11 1 

11 8 

14,000 

5 75 

6 IS 

7 20 

7 91 

S 61 

0 35 

10 1 

10 8 

11 6 

12.2 

14,500 

5 96 

(i 70 

7 45 

S 20 

8 95 

9 70 

10 5 

11 2 

12 0 

12.7 

15,000 

6 IS 

6 95 

7,72 

8 50 

9 26 

10 1 

11 S 

11 6 

12 4 

13.1 


The boiler, furnace, and grate efficieney is only ont*, of the many factors 
entering into the economical operation of the lioiler jdant. Different 
fuels may give the same efficiency under aclual operating conditions, but 
the ultimate economy in dollars and cents may vary considerably. The 
real criterion is the net cost of evaporation, taking into consideration 
first cost of equipment, tjie cost of handling the fuel, disposition of refuse, 
ability to handle peak loads, and depreciation of grate and setting. A 
popular, though somewhat empirical, method of comparing boiler per- 
formances is on the “ fuel cost to evaporate 1000 lb. of steam from and 
at 212 deg.'' basis. The cost of fuel is taken as the total cost of fuel de- 
livered to bunker or firing aisle plus the ash content, thus: if the cost of 
coal at the mine is SI. 95 per ton, freight SI. 90, handling S0.50, ash con- 
tent 16 per cent, the total cost is S1.95 + SI 90 + SO. 50 + SO. 16 = S4.5L 
Each installation is a problem in itself, and all local influencing conditions 
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must be considered before maximum economy can be effected. In general, 
for plants equipped with coal and ash-handling machinery and adjacent 
to a railroad or to water transportation, the cheaper the fuel per pound 
of combustible, th(‘ lower will be the ultimate cost of evaporation. 



Fig. 54. Typical Porfonnance Curves. Underfeed Stoker. 
No Economizer. 


Ter Cent Boiler Rating: 



Fig. 55 . Typical Performance Curves. Modern High-set Boiler. 
M('chamcal Oil Burner. No Economizer. 


78. Bate of Combustion. — According to the A.S.M.E. Boiler Code, 
the rate of combustion is expressed as (1) lb. of fuel (dry or as fired) per 
sq. ft. of grate surface, per sq. ft. of retort, per retort or per burner per hr. 
and (2) lb. of fuel (dry or as fired) per cu. ft. of furnace volume. Powdered, 
liquid, and gaseous fuels are burned in suspension, and since no grates 
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are employed the rate of combustion is expressed in terms of furnace 
volume or per burner only. 



Flu. 5G. Avt‘riif»:o Weekly Holier Fifieieneics. Colfiix Siation. 


The capacity of a, p;ivcii bTiiler equipineiit is limited only by the amount 




of fuel which can be 
burned per unit of time. 
The rate at which solid 
fuel can be burned de- 
pends upon th(‘ ('xtent 
and nature of flu* p;rate 
surface, character- of the 
fuel and th(' draft. KiW- 
cicncy of combustion is 
largely influenced by the 
size and jiroiioitional di- 
mensions of th(' com- 
bustion chain her. Tn loco- 
motive and niaiine ])rac- 
tice, space limitations 
necessitate the us(* of 
small gratc\s and combus- 
tion chambers, but in sta- 
tionary plants there is a 
wide permissible range* in 
size. In the form(*r, tfie 
amount of fuel burned per 
sq. ft. of grate surface or 
per cu. ft. of furnace vol- 
ume must be high, in 
order to obtain the de- 
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PtiE Cent of Boiler Rating 

Fig. 57. Boiler Performance. Kansas City Power 
and Light Co. Forced-draft Chain Grate. 


sired capacity, but in the latter it may be high or low depending upon the 


design of the equipment. 
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Grate l^urface. Grate surface is defined by the A.S.M.E. Committee 
on Power Test Codes as the horizontal projected area of grates or stoker, 
including dump plates, ash crushers, (^tc. It is also stated as the total 
projected area of all surfaces supporting fu('l, within the front wall of the 
furnace. In stationary practice then' is a wi(l(' penuissil)le range in pro- 
portioning grate surface, because a given rate of combustion may be 
effected with large grate surface and light draft, or with small grate sur- 
face' and strong draft. For 
example, 0000 lb. of coab can 
b(' buriK'd i)er hr. at a ratb of 
30 11). per s(]. ft. of grate sur- 
face per hr. on a 300 sq. ft. 
grate, and at a rate; of 15 lb. 
per sep ft. on a GOO sq. ft. grate. 
Th(' draft nec^essary to force the 
air for coml)ustion through the 
grate openings jind fiu'l bed of 
the smaller grate, however, will 
have to be grc‘ater than that 
of the larger Ix'cause of the 
incr(‘as('d dc'pth of the fuel. 
By increasing th(‘ dc'pth of the 
fiu'l and the draft pressure, 
any rate of combustion up to 
the maximum obtainable with 
that) particular fuel can be 
maintained, piovided the grate 
is correctly proport ioned. There 
is a limit) to tin* velocity at 
which air can be successfully 
forced through a given grate 
and kind of find. A certain time eleiiKmt is ('ssential to the maintenance 
of combustion temperature and the proper mixing and contact of the air 
with the fuel and unconsunied gases. When the flow of air through the 
grate openings is so rapid that this time element is not provided, the 
fire is “ blown out.” This condition frequently arises when high rates 
of combustion are attempted with forced-draft stokers by raising the 
wind-box pressure until the velocity through the grate openings is ex- 
cessive. The maximum rate of combustion is dependent upon the char- 
acter of the fuel, stage of combustion, and provision for dissipating the 
air through the fuel bed. There is more danger of blowing out the fire 
in the ignition stage than after the carbon has reached incandescence. 



90 100 no 120 130 140 ICO 160 170 1»0 190 
Equivalent Evaporation, Thousanda Pounds per Hour 


Fig. 58. Performance of Boiler No. 9, Colfax 
Station, with and without Predicated Air. 
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TABLE 2G 

AVEHAGE KATES OP COMnUSTION 


Lb. per Sq. Fl of Grato Surface per Hr. 
(Hulk Fuel) 


Kind of Fuel 

Nidimd Draft 

Forced Draft 

Ilaiid-fiiod 

Cham Grato 

Hand-ftrod 

Cham 

Griite 

I'liderfeed 

Anthracite .... 

15 

Not suitable 

20 

45 

Not suitable 

Sem i -an t li r ac i 1 o . 

Hi 

30 

25 

45 

40 

Semi-bituminous . 

IS 

35 

35 

40 

40 

Eastern bit urn. . 

20 

35 

30 

45 

45 

Western bit um 

30 

35 

35 

5)0 

50 

Coke bre(‘zc . 

Not suitable 

Not suii.JAble 

20 

‘15 

Not suitable 

LiRnite 

25 

40 

35 

50 

40 


T/VHLE 27 

ECONOMICAL CX)MHTJSTION KATES 


(Worker :md PoebleH) 


Fuel Anidv'His 
(Per Ceii( as Fiiod) 


lO.isiei n 
C’oal 

PitiHburKli 

Coal 

Illinois 

F^oal 

Iowa 

Coal 

Lignito 

Fixed carbon . 


73 

57 

48 

33 

34 

Volatile 


17 

30 

30 

27 

35 

Ash 


0 

7 

12 

25 

10 

Sulphur 


1 

2 

3 

4 

1 

Moisture . . . 


4 

4 

10 

15 

23 

B.t.u. (dry) 


1 1,3tX) 

13,500 

• 

12,2(X) 

10,400 

11, .500 

Combustion Kates: 

Lb. Dry Fuel per Scf. Ft 
G. S. per Hr. 

Minimum for 

A 

20 25 

25-28 

2,5-28 

2,5-28 

2,5-28 

continuous 

H 

15 18 

18-20 

18^20 

lH-20 

18-20 

operation 

C 


20-22 

20-22 

20-22 

20-22 

Recommended for 

A 

3(K1S 

32-40 

30-38 

28-35 

30-35 

continuous 

B 

20-25 

23-20 

20-26 

20-23 

22-26 

operation 



23-26 

2:0-26 

22-25 

25-30 

Maximum for 

A 

40-45 

40-45 

38-42 

35-42 

38-45 

continuous 

B 

25-28 

30-35 

30-32 

25-27 

26-32 

operation 

f 

G 


30-33 

32-35 

25-30 

35-40 

Recommended for 

A 

50-60 

50-60 

45-50 

42-45 

45-60 

3 to 4 hour 

B 

30-35 

35-40 

32-35 

27-30 

32-35 

peaks 

C 


3.5-40 

40-45 

30-35 

42-45 

Maximum for 

A 

70 

70 

60 

50 

60 

3 to 4 hour 

H 

40 

42 

40 

30 

35 

peaks 

C 


40 

45 

35 

45 


A Forced draft, underfeed. 

B Natural draft, overfeed. 

C Natural draft, chain grate. 
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Evidently the term maximum rate of combustion per sq. ft. of grate 
surface per hr./' as detennined by dividing the total maximum weight of 
fuel fired per hr. by the area of the grate, may be misleading, as for ex- 
ample in a forced-draft chain grate where th('re are three distinct stages 
of combustion. Here the w(‘ight of fucd burned is relatively small 
in the first stage, high in the middle and again low in the last. This 
illustrates the fact that air can be forced through certain sections 
of a grate at much higher velociti(‘s than through other portions of the 
same grate. The maximum economical rate of combustion of <iny fuel 
is largely influenced by thci furnace and grate equipment. High rates 
of combustion usually result in high furnace ti‘mperatur(\s with increased 
troubles from clinker formation, •d(\struction of the furnace refractories, 



126 160 175 200 

• Boiler Rating' - Per Cent 


Fig. 59. Typical Performance Curve. Natural-draft TraviJinpi-prate 
Stoker. Low-setting, Subbituniinous Coal. 

and burning out of tubes. For each fuel and grate there is a maximum 
rate of combustion beyond which the efficiency drops off rapidly, and 
the equipmemt should be designed to operate within this maximum. 
Where conditions permit, high rate's of combustion should be avoided. 
In some of the latest power stations provided with water-cooled side 
walls, large combustion chambers, and clinker grinders, rates of com- 
bustion have been obtained at peak loads which a few years ago were 
thought impossible. 

The ratio of grate area to heating surface is sometimes used as a guide 
in proportioning the grate, but the extent of grate surface depends upon 
so many factors that this method of procedure is of little value and is 
likely to lead to serious error. Thus, with anthracite and hand-fired 
grates, we find boilers operating successfully with ratios of grate surface 
to heating surface ranging from 1 to 30, to 1 to GO. With underfeed 
stokers burning bituminous coals, the range is from 1 to 35, to 1 to 60. 



STEAM BOILERS 


157 


The curves in Fip. 60 pive some idea of the relation between draft and 
rate of combustion for various fuels, and the valu(\s in Tables 26 and 27 
offer a rough guide for estiiiiatiiig tlie average rates of combustion in 
general practice. 

In locomotiv(‘ and marine practice, rates of combustion as high as 
225 lb. of coal pei- sq. ft. of grate surface per hr., have b('en attained, but 
such results cannot be consideied seriously fi*om an operating point of 
view. The results, howcvei-, show what can be done in the way of burning 



Various ('oals — Stiitioiiary or 'Travc^linp; Ciratcs. 

solid fuel. In the latest larger c(‘ntral stations, in whi(;h the boilers operate 
continuously at 200 to 250 i)(*r cent rating, the ratt‘. of combustion at these 
loads seldom exccieds 50-60 lb. of high grade bituminous coal per sq. ft. of 
projected grate surface per hr. 


TABLE 2S 

.MAXIMUM B.T.U. FIRED PEft HR. PER CX^. FT. OF FURNACE VOLUME AT EFFICIENCIES 
OF ABOUT 80 PER CENT WITHOUT ECONOMIZERS 


Pulverized coal (ordinary tyjie of furnace) 22,000 

Chain-grate stokers (natural draftj 37,500 

Chain-grate stokers (forced draft) 55,000 

Underfeed stokers 64,000 

Oil, steam atomizers . 85,000 

Scotch marine, hand-fired 144,000 

Oil, mechanical burner . .... 176,000 

Pulverized coal (turbulent flow or well type furnace) 350,000 
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Furnace Volume. The niaxinmni amount of fuel which can be burned 
efficiently p(*r cu. ft. of furnace volume is a product of many variables. 
Among the more important factors may b(^ mentioiu'd the nature of the 
fuel, shape of furnace, type of fuel-burning e(pii})iii(mt, and the means 
employed for mixing th(‘ air and volatih* gases in th(' furnace. In view 
of the different conditions, gtmeial comparisons bas(‘d on efficic'ncies and 
furnace volumes are of little valin^ for purposes of d(‘sign. Large furnace 
volumes mean increased first cost of s(‘t tings and highcM’ maintenaince 
charges. Small combustion chambers ar(' a nec(\ssity in marine ^nd 
locomotive work, and high coinbustion rates must be maintained in order 
to realize the desired capacity. In stationary boiku’s there' is no such 
restriction and there is a wide range in the* size of finnacc' for a given rate 
of combustion. As much as 25 ll>. of coal and Ki lb. of oil have been burnenl 
per hr. per cu. ft . of furnace volume in locomotive and marine boilers, but 
because of the rc'duced boiler effic.ie'ncy such extic'iiu' rates of combustion 
are not to be considered excnj)t for emeigencitvs. In the average coal- 
burning stationary plant, maximum combustion rates seldom exceed 2 lb. 
of coal and 4 lb. of oil per cu. ft. of furnace volume, but in modern central 
station practice as high as 4 lb. of coal and 8 lb. of oil hav(^ been buriuid 
per hr. per cu. ft. of furnace volume with good effickmey. See also para- 
graph 100. The data in Table 28 giv^e the maximum B.t.u. fin'd per hr. 
per cu. ft. of furnace' voluiiu^ at efficiencies of about 80 per cent, without 
economizers, as r('(*ord('d by Pklwin 11. Ricketts (Power, April 17, 1923, 
p. 013). 

'FABLE 29 


COAL CONSUMPTION PEH (’U. FT. OF FT^nNA(’E VOLUME, LARGE CENTRAL ST.ATION UNITS 


Location 

Roller 
n eating 
Surface 

Sq Ft. 

Furnace 
Volume 
Cu. Ft. 

Combined Kff 
Roller, etc., ' c 

Coal, Lb. per Cu P't. of 
F. \\ 

Maximum 
J’euk 
I..oad 
Per Cent 

Roller Rating ‘ f 

Roller Tbiting 

100 

;j.50 

ItK) 

ario 

Seward . . . . 

16,000 

4800 

78 

67* 

1 04 

3.14 

300 

Hell Gate 

18,900 

7800 

80 

74 

0 78 

3.17 

400 

Delaware 

15,000 

5350 

84 

74 

• 0 80 

3 53 

375 . 

Hartford 

13,920 

6370 

77 

65 

0 68 

2 70 

375 

Colfax. . . 

20,880 

6420 

81 

74 

1 07 

3 54 

300 


• At 2S5 per rent rating 


Te.sts of a Type W Stirhiuf Boiler: P. IV. Thorniwon, Trans. A.S.M.E., Vol. 44, 1922, 
p. 1005. 

Boiler Room Performance and Practice at Colfax Station: C. W. E. Clarke, Trane. 
A.S.M.E., Vol. 44, 1922, p. 217. 

Boiler Plant Efficiency, Victor J. Azbe, Trans. A.S.M.E., Vol. 43, 1921, p. 853. 
Boiler and Furnace Economy: D. S. Jacobus, Trans. A.S.M.E., Vol. 43, 1921, p. 879. 
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79. Influence of Capacity on Efficiency. — Boilers are ordinarily rated 
on a commercial basis of 10 scj. ft. of heatinp; surface per b.hp. This rating 
is absolutely ai’bitrary and implies nothing as to the limiting amount of 
water that this amount of h(‘ating surface will evaporate. It has long 
been known that tlu* evapoiative capacity of a wcdl-desigried boiler is 
limited only by the amount of fu(‘l that (!an l)e binned on tiie grat(\ Thus, 
in locomotive practici*, 1 b.hf). has lu'cn devcdojxnl with 2 s(|. ft. of heating 
surface, and in toijx'do boat practice' this figure has Ix'e'n reduced to 1.8 
sq. ft. If then' weie no firactical limitations to capac'ity, few, if any, 
boilers would Ix' operat'd at tlu' rated load, and the a, mount of heating 
surface for a given evc'iporation would be only a fraction of the present 
requirements. Briefly stated, the' limitafions are: 

1. Efficiency. — As the' capacity ine'rease's ix'yonel a exu’tain limit, the 
overall ('ffiedency eheips off, and a jxiint is reaedieel whe're' further increase 
in capacity is obtained at a exist greater thari that eif aelelitional heating 
surface. 

2. Grate Surface. - ■ All fiie'ls have a maximum rate of combustion 
beyond which satisfaet.oiy results e^aimeit be obtaineel. With this limit 
established, the' only me'tliexl of obtaining adeleel caf)aeaty is through the 
addition of grate surface. Since^ the grates surface' feir a given boiler is 
liniiteel by the impraedicability of ope'rating e'exineunically above a certain 
size, there is oliviously a comine'reaal limit to the maximum weight of fuel 
burned per unit of time'. 

3. Draft. — In oreler te) ('ffe'ct a he'avy i‘ate of ceimbustiejii, a great 
increase in draft is ne'ex'ssary. Apart freaii the' jieiwe'r reepiire'el to produce 
the^ draft, there is the' peissible hiss eif fue'l carrie*d away in the ‘‘ cinders.” 

4. At he'avy rates eif elriving, the furnace anel stoker maintenance 
may become excessive. 

5. Feedwater. — Feir exintinuenis high boiler overloaels, the feedwater 
must be practically free' from scale'-feirming elements anel matter which 
tend to cause foaming iind priming. 

6. External Surfaces. — Soot is such an excellent non-conductor of 
heat that provision must be made for its I’emoval at frequent intervals, 
and, particularly so, if th^? boiler is expected to ope^rate efficiently at heavy 
loads. 

Tests show that if the furnace conditions are kept constant regardless 
of load, the efficiency of the boiler alone will decrease with increasing 
loads. But the furnace and grate efficiency increases with the capacity 
up to a certain point, beyond which it remains constant or gradually 
drops off. For a certain portion of the load, this increase in furnace effi- 
ciency may be at a greater rate than the decrease in boiler eflSciency. 
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Consequently, the maximum combincHl efficiency may occur at a point 
either side of the rated capacity or remain constant over a considerable 
range of ratings. 

In general, the combined efficiency of boiler, furnace, and grate in- 
creases Avith the capacity until a maximum is reached, from which point 
it drops off steadily with each increm(mt of increase in load. This point 
of maximum efficitmey varies with the type and siz(‘ of boiler, kind of 
grate, design of furnacie, character of fuel, and conditions of operation, 
and may range from 75 to 200 per cent or more of the rating. Wiith 
stokers of the UTid(n-fe(‘d type, other things being equal, the highest Ef- 
ficiency is obtained from the greatest numbr'r of n'torts, and the greatest 
effect on the overall efficiency* is the rate of driving ])er retort. The 
curves in Figs. 54 to (it) ar(‘ based upon authe^itic tests and give some idea 
of the effect of (capacity on (‘fficiency in spc'cific cases. There are plants 
throughout th(^ country in which boilers are dciveloping, during periods of 
peak load, capacities of 500 p(T cent of the rating, and 003 per cent has 
been reached at the Hell (bite Station; but such loads cannot be main- 
tained continuously (with the pn'sent tiyi)e of equi lament) with any degree 
of ultimate economy. It is a question if th('r(' ai-e thirty plants through- 
out the country operating continuously day in and day out at 200 per 
cent rating. Wid(‘ly varying loads an^ carried to-day in ordinary plant 
operation with ov(U-all efficienci(‘s higher ihan those formerly secured 
from constant loads and undc'r t(\st conditions. 

Some Comments on Boder f^ajianiy: L. H. Lee, Power, Mar. 15, 1922, p. 433. 

80. Thickness of Fire. — For ('ach boiler equipimait, s('t of operating 
conditions, and grade of fuel, there is a dc^pth of fuel bed which will give 
maximiun efficicuicy; but, unfortunately, there are so many variables 
involved that general rules bas('d on only two or thr(T of the influencing 
factors are apt to bc' misleading. The composition and siz(^ of fuel, de- 
sign of grate and stoker, type and size of l:)oiler, method of firing, furnace 
construction, and general condition of the ecpiipmeut exert such marked 
influence on the proper depth of fuel bed for a given rate of driving that 
ELCtual tests of each installation are necessary^ before this item can be 
definitely established. I\)r a given size and grade of fuel, a thick bed 
offers more resistanc(» to the flow of air than a thin one; therefore, for a 
given draft pressure, the w(Mght of air wffiich can be forced through the 
fuel bed increase's or decreases as the thickness is decreased or increased. 
Evidently there is a point beyond Avhich increaseei depth will result in a 
deficiency of air, with accompanying reduction in capacity and efficiency. 
The reverse, however, is not true, since the greater the weight of air 
forced through the bed the greater will be the rate of combustion. Excess 
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air will be found above the imbumod or devolatilized portion of the fuel 
bed, and immediately al)ov(' liolos in the fire, hut all the air for complete 
combustion cannot be forcicnl through the burning portion of bed from 
which the volatiles matter is Ixnng distilled. 

The following abstract from Technical Paper 80 U. S. Bureau of Mines, 
is of interest in comic'ction with the hand firing of soft coals on stationary 
grates. “ A thick fiui Ixxl not only does not decrease the frec^ oxygen in 



Fig. 61. ElT(H‘,t of Thickness of Fire on Capacity and Efficiency. 


the flue gases, but it may actually incri'ase it, thus: Assume that in a 
hand-fired furnace with a fu(;l bed 5 in. thick, the (juantity of air admitted 
through the proper opening in tlu^ fire doors is suffici(nit to burn completely 
the combustible gases rising from the fuel ]m\. Now, if the thickness of 
the fuel bed is increased to 10 in., its resistance is nearly doubled; the 
draft over the fuel bed is increased somewhat , but is not doubled. The 
quantity of combustible gas(‘s rising from the surface of the fire depends 
directly on the quantity of air flowing through the fuel bed. Therefore, 
when the resistance of th(^ fuel bed is ni^arly doubled by doubling the 
thickness of the fu(d bed, less air (l)iit more tdian one-half) flows through 
the fire and kvss conil)ustil)le gas rises from its surface. At the same time 
the openings admitting air over the fuel bed remain constant, so that the 
higher furnace causes more air to flow over the fire. Thus, when the fuel 
bed is 10 in. thick, less combustible gases are burned with larger air supply 
over the fire than when the fire is only 5 in. thick, provided, of course, that 
in both cases th(^ fire is perfectly level and is free from holes. 

The accumulation of clinker has the same effect as thickening the fuel 
bed. The clinker increases the resistance to the flow of air through the 
fuel bed, so that the latter generates a smaller quantity of gas. The 
increased draft in the furnace draws in more air through the openings in 
the fire door, so that more is used to burn 1 lb. of coal when the grate is 
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clinkered than when the fire is clean. This fact is known to every boiler- 
room operator. 

Many firemen do not like thin fuel beds because they cannot nm the 
fires with long intervals between firings. However, this feature is rather 
in favor of a thin fuel bed than against it. If the fireman must give the 
fires frequent attention he is more likely to ket^p th('m level and free from 
holes. A thin and level fuel bed is the most important requisites in burn- 
ing coal efficieuitly. 

A thick fuel bed is a common cause of excessive clinkering, particularly 
in the case of a coal whose ash melts at relatively low teanperature. Clinker 



Fifj. 02. IiifliiciK^c of Thickness of Fire on lOfficicncy. 

forms in thick fuel beds because th(' naluced air supply through the grates 
permits the ash to become hc*at(al and because^ the heating is i)artly done 
in a reducing atmosphere' of CO. 

Under the usual natural-draft o})erating conditions in stationary plants 
equipped with hand-fir('d stationary grates and burning soft coal, there is 
no reason why fires should be carried thicker than 8 in. and with some coal 
even an 8-in. fire is too thick. If the coal is coarsc' and contains only a 
small portion of fine coal, the thickness of the fuel bed may be near 8 in.; 
but if the coal is mostly small pieces and slack, b('tter results are obtained 
with the thickness of the fuel bed near 4 in.” , 

With chain-gi’ate stokers, the depth of fuel l)ed in average practice 
ranges from 4 to 12 in. depending upon the draft, nature of the fuel, and 
speed of the grate. With underfeed stokers the depth may range from 10 
in. to 2 ft. B(H‘ause of the increased agitation of th(^ fuel bed at heavy 
ratings, the resistance through the fuel of an underfeed stoker may be 
less at maximum load than at somewhat lower loads. See Fig. 239. As 
previously stated, the most economical thickness of fire can be determined 
only by actual test of each installation. Some idea of the influence of 
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thickness of fire on the efficiency and capacity in specific cases may be 
gained from the curves in P'igs. 61 and 62. 

81 . Pressure Drop through Boilers. — The resistance encountered by 
the gasc^ous products of combustion in passing through the boiler results 
in a pressure* drop or draft loss/’ which varies greatly with the type and 
size of boiler, arrangcincnt of gas baffles, iiuiiiber of gas passes, design of 
superheater, amount of air used per lb. of fuel, and the rate at which the 
boiler is opeiating. For a given (equipment, the pressure drop from fur- 
nace to uptake vari(‘s approxiniatedy with the square* of the* velocity of 
flow. 

The vertical ])asse*s in any benle'r act as chimneys and are capable of 
furnishing a eli'aft pressure in niiiedi tW* same manner as the chimney 
proper. The gre'ate*!' the* length of the vertical passe*s the greater will be 
the “ chimney action.” The pressure* elilTerence due to the chimney 
action may elecrease* or inere‘ase the draft of the stack, depending upon the 



Ficj. 63. Pressure Drop through Boilers. 


direction of flow of the gases. If the flow is upward, the vertical pass 
acts as an additional height of stack; if downward, it tends to retard the 
flbw. Thus, in the Wickes boiler. Fig. 43, the vertical path of the gases 
through the boiler itsi^lf causes considerable chimney action. At low 
rating the pressure at C may be atmospheric or even slightly above, 
although the draft in the combustion chamber B may be 0.10 in. of water 
below that of the atmosphere. This means that the boiler itself furnishes 
sufficient chimney action to operatic the boiler at this load. Similarly, 
the draft at D may be higher than at C because of the negative chimney 
action and resistance combined. The difference in temperature of the 
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gases, due to the cooling action of the heating surface, must of 
course be considered in calculating the chimney action. In practically 
all boilers, the chimney action of the vertical passes influences the pressure 
drop throughout the setting, and the effect is more marked when the rate 
of flow is low. 


TABLE 30 


AVERAGE PRESSURE DROP THROUGH ROILERS 

Boilers OperatinK at Rating 

(I'Yaiik R. Cluxinhens) 


Typo 

A 

• 

T.\ po 

A 

Atlas (Horizontal Pass) 

75 

Heine (2 l^ass Horizontal). . . 

65 

Atlas (Vertical Pass) . 

fiO 

Keeler (Vertical Pass) 

51 

B. & W. (Vertical Pass) . 

50 

Keeler (Horizontal Pass) 

55 

B. & W. (Sowall Pass) . 

05 

Oil City (Vertical Pass) 

60 

B. & W. (Horizontal Pass) 

60 

Page ... 

55 

Cahall (Vertical). . . . 

05 

Return Tubular 

45 

Edge Moor (4 Pass Vertical) 

04 

Scotch Marine ... 

65 

Edge Moor (3 Pass Vertical) . . 

55 

Stirling (5 Pass) ... ... 

81 

Edge Moor (Horizontal Pass). 

(30 

Stirling (4 Pass) 

75 

Erie City (Vertical) . . . 

00 

Stirling (3 Pass) 

65 

Erie City (Horizontal) .... 

00 

Wickes (Vertical) 

58 


A = Pressure drop through boiler, per cent of total draft at stack side of damper. 
This factor apjdioH only to hand-fired furnaces burning about 25 lb. Illinois coal per 
sq. ft. of grate surface i)er hr. 


Because of the great variation in the size and design of boilers, the 
variety of baffle arrangement, and the wide range in operating conditions, 
it is impossible to establish rules for draft losses which can be of general 
application, and it is advisa])le to obtain spetdfic data from the manu- 
facturers. The values in Table 30 are based upon the investigations of 
Frank Chambers, Deputy Smoke Inspector of the Department of Health, 
Chicago, Illinois, and give some idea of the draft losses through hand- 
fired boilers operating at rated capacities when burning bituminous coal 
at approximately 25 lb. per sq. ft. of grate surface per hr. 

The curves in Fig. 63 show how the draft losses vary with different 
types of boilers at various ratings when burning bituminous coal, heatinfe 
value 12,500 B.t.u., with 100 per cent air excess. The curves are applic- 
able only to the specific cases analyzed, but may be used as rough ap- 
proximations for preliminary calculations. 

The draft loss with forced-draft chain grate and underfeed stokers is 
roughly 20 per cent less than that given in the curves of Fig. 63, and with 
oil fuel about 25 per cent less. With blast-furnace gas, the draft loss is 
about 15 per cent greater than that given in the curves. 
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8^8. Flue-gas Temperatures. — The sensible heat carried away by the 
flue gas is usually th(' gieaiest loss in the g('neration of steam. The 
greater the extent of heat-absorbing surfact‘s for a given weight of gas, 
the lower will be the loss. In the ordinary boiler without preheating or 
economizer surface, the iiiiiiimum theon'tical temperature of the flue gas 
is that corn'sponding to 
the temperature of th(' 
steam. With preheaters 
or economizers the mini- 
mum theoretical tem- 
perature is that corre- 
sponding to th(^ lowest 
temperature of the heat- 
absorbing fluid. While 
it is a comparatively 
simple matter to add 
sufficient heat-absorbing 
surface to reduce the 

flue-gas temperature to ru^arly the theoretical limit, such a procedure 
is not warranted by the present c-ost of fuel. Fixed charges and oper- 
ating and maintenance costs more than offset the gain. The heating 



Tifi. G4. 


Influence of RaU'. of Driving on Boiler and 
F iirnare Temperatures. 



surface in the modem boiler without preheating clement or econo- 
mizer is usually proportioned and baffled so that the exit temperature 
of the flue gas at boiler rating is from 25 to 100 deg. fahr., above that of 
the saturated steam. 

Flue-gas temperatures arc functions of the composition of the fuel, 
aif excess, rate of driving, arrangement of baffles, extent of heating sur- 
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face exposed to direct radiation, cleanliness of the heating surfaces, and 
design of boiler, superheater, and furnace. Some id(\a of the temperature 
ranges in various parts of the setting of a modern stoker-finnl furnace 
may be gained from the curv('s in Fig. (>4. The curves in Fig. 05 are only 
approximate and should not be used for })urpose of design. Specific data 
for any set of operating conditions may be had from boiler manufacturers. 
For a given boiler and furnace ecpiipiiKuit and rating, flu('-gas temperatures 
are generally lower with oil and gas(H)us fuels than with solid fuels because 
of the smaller air excess, and for the same reason mechanical stokers gi^l^e 
lower temperatures than hand-firing. Flue-gas temperatures for a numbc^r 
of specific cases are given in Figs. 54, 55 and 58. 

83. Economical Loads. — The •most economical rating at which a boiler 
plant can be run depends primarily upon the load to be carried by that 
individual plant and the natun* of such load. TIk' most economical load 
from a commercial standpoint is not- nec(\ssarily the most efficient load 
thermally, since first c^ost, cost of upkeep, labor, cost of fuel, capacity^ 
and the like must all be considered along with the thermal eflSciency. The 
controlling factor in the cost of the plant, that is, the number of boiler 
units that must be installed, regardless of the nature of the load, is the 
capacity to carry the maximum peak loads. While each individual set 
of plant operating conditions must be considered by itself, the following 
statements give some id('a of general practice: 

For a constant 24-hr. load, the operating capacity, to give the highest 
overall plant economy, is- from 25 to 75 per cent above that incident to 
maximum thermal efficiency. 

For the more or less constant 10- or 12-hr. a day load, where the boilers 
are placed on bank at night, the point of maximum economy will be 
somewhat higher, probably from 50 to 125 per cent above that incident 
to maximum thermal efficiency. 

The third class of load is the variable 24-hr. load found in central station 
work. 

Modern methods of handling loads of this devseription, to give the best 
operating results under different conditions of installation, are as follows: 

1 . The load on the plant at any time is carried by the minimum number 
of boilers that will supply the power necessary, operating these boilers at 
capacities of 150 to 250 per cent or more of their nunnal rating. Such 
boilers as are in service are operated continuously at these capacities, the 
variation in load being cared for by varying th(> number of boilers on the 
line, starting up boilers from a banked condition during peak load periods 
and banking them after such periods. This is, perhaps, at present the 
most general method of central station operation. 
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2. The variation in the load on the plant is handled by varying the 
capacities at which a given nuiubei- of boilers arc* run. At low plant 
loads, the boilers are operated somewhat below theii’ normal rating, and 
during peak loads, at their maximum capacity. Thi\ ability of the modern 
boiler to operate^ over wid(' l anges of capacities without appreciable loss 
in efficiency has made such a method practicable. 

3. The third method of handling the modern central station load Ls, 
perhaps, only practicable*, in laige* stations or groups of inter-connected 
stations. Under this method, the* plant is divided into two iiails. What 
may be c,onsid(*r(*d the* constant load of the syste^m is carrii*d by one 
portion of the i)lant, operating at its point of maximum (*conomy. Due 
to the possibility of v(‘ry high overall (*fficiencies at high boiler ca])acities 
wh(‘re the* load is constant, wheiv the grate and combustion chamber arc 
designed for a ])oint of maximum economy at such capacities, and where 
thei(' are installed ec.onomizc'rs and such a[)i)aratus as will t(*nd to increase 
the efficiency, the ciii)acity at/ which this portion of the plant is to-day 
operated will be considerably above the point of high(‘st (economy for 
the steady 24-hr. load for boilers without economizers. 


Boiler Bating - Ter Contr 

100 ir.O 200 250 :100 350 400 



The variable portion of the load on a plant so operated is carried by 
the second division of the plant, under either of the methods of operation 
just given. 

The problem involved in deciding whether to force boilers over the peak 
or bank additional boilers may be analyzed as follows; Suppose the 
curves in Fig. 66 are representative of the performance of the boilers in a 



168 


STEAM POWER PLANT ENGINEERING 


large central station and it is desired to establish a general relationship 
betwee^n (Hjononiical forcing and ]).‘inking hours. An inspection of the 
curves in h^ig. 00 shows that the inaxiinuin thermal efficiency is at a steam- 
ing rate of 40,000 lb. per hr., corresponding to 100 per cent rating. Sup- 
pose, however, that a steaming rate of 70,000 lb. per hr., corresponding 
to 175 per cent rating, has been demonstrab^d to be the most economical 
and practical for operation through the day. (This point can be deter- 
mined only by actual operation, taking into consideration first cost, at- 
tendance and maintenance as well as thermal (^fTiciency.) By forcing the 
boilers over the peak to a higher rate, the plant may run" with fe\^^er 
boikirs banked while optnating on the day and night loads, thus savi^ 



Fig. 67. Curve Showing Extra Coal Burned for Forcing and Banking. 


banking losses, but this gain is offset to a ccu'tain extent by the extra 
amount of fuel required to maintain the higher ratings. Evidently, 
there is a point at which the loss due to the extra fuel burned by forcing 
is equal to that gained in reducing the banking period. Referring to 
Fig. 66, the line A A represents the amount of fuel 1 aimed at various 
steaming rates on the supposition that ^ht^ rate of fuel consumption at 
175 per cent boiler rating is maintained throughout the (Uitire range of 
operation. The difference between the actual fuel consumption line 
and the line A A represents the extra amount of fuel burned at any par- 
ticular load. Thus at 350 per cent rating the coal burned is 17,500 lb, 
per hr. as against 14,300 lb. per hr. at 175 per cent rating, or 3200 lb. per 
hr. in excess of that required to operate two boilers at 175 per cent rating. 

The diagonal lines in Fig. 67 represent the loss in pounds of coal caused 
by forcing different combinations of boilers above 175 per cent rating in 
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order to carry the same load as this combiiiation plus one more boiler, 
all boilers in the latter combination operatiiifi; at 175 per cent rating. 
Thus, one boiler at 350 per voui rating gen(aat(‘S the same (piantity of 
steam as two boilers at 175 pea- ecmt rating and l)iii‘ns 3200 lb. per hr. 
more coal than the latter combination; two boiUas at 262.5 per cent 
rating have the same capiicity as three boiliu’S at 175 ])er cent and burn 
1550 lb. per hr. more coal than the latter combination; thn^e boilers at 
233.3 per c(mt hav(' the' same steaming capacity as four boilers at 175 
per cent and burn 1137 lb. per hr. more coal thaii the latter e'-ombination ; 
and so on. Line BB, Fig. ()7, re'prese'nts the weight of banking coal burned 
by one boilc'r for the pe^riod indicate^d and is base'd on the assum]ition 
that the coal burned in bank- 
ing is at the rate of 200 lb. 
per hr. The' inte'rse'ction of 
the fore'ing ’’ line with the 
“ banking line' is the point 
at which the extra e-oal fen- 
forcing is eeiual te) that 
burned in banking. The 
curves in Fig. (i8 is obtaine'd 
by plotting the hoius, as 
found from the point of inter- 
section, Fig. 67, against the 
steaming rate or per cent be)ilor 
rating. This curve shows the limit of forcing l)eyonel which the losses 
arc greater than the gains. For example, the boilers shoulel not be oper- 
ated above 350 i)er cent rating for more than 1.1 hr., or above 300 per 
cent rating for 2 In-., and so on. No provision has In'cn made for furnace 
maintenance, which at v(^ry high ratings may be excessive. This may 
be included by allowing an additional weight of find for forcing to com- 
pensate for the extra cost of maintenance. Th(^ curve in Fig. 68 is not 
general and is applicable'' only to the specific case under consideration; 
the method, however, is general. 

Present Day Boiler Room Operation: I. E. Moultrop and R. E. Dillon, Power, Mar. 
7,T922, p. 384. 

Refinements of Practice in Modern Power Plants’ 1. L. Kentiah-Rankin. Power 
Plant Engineering, Oct. 15, 1921, p. 988. 

Efficient Operation of the Boiler Plant’ J, D. Morgan, Power, June 15, 1920, p. 957. 

Development of Power from the Standpoint of the Boiler Room: C. F. Hirshfeld, Power, 
Aug. r!6, 1918, p. 284. 

84 . Selection of Type. — Boilers constructed by builders of good repute 
are usually designed for safety, durability, and capacity, and rigid 



Fici. 68. Curves Sliowing the Limit of Econo- 
imeiil Forcing. 
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specifications and inspection of niatei ial and workmanship on the part 
of the purchas(‘r an^ ordinarily not iKun^ssary, as tlu' makers’ reputa- 
tions arc sufficient Kuaiantee of their worth. Markcul dc^parturc from 
standard desij^ns must n(i(;(‘Hsaiily 1 k‘ s[)(^cified, and must comply with 
the stat('. and community boiler laws and insurance reciuiremcnts; but 
in most cases instructions arc'- limited to the working prc'ssure, (ixtent of 
heating and grates surface^, th(' eharaci^er of th(i furnace, and arrangement 
of setting. Numei’ous t(^sts on various tyires of boilers show practically 
the same t^fficir'ncy yrrovid(‘d the furnac(\s and boilers are properly designed, 
so that th(^ r(iative iiKuits may be considered with refercaicc to (1) duifa- 
bility; (2) accessibility for rejrairs; (3) facility for cleaning and inspection; 
(4) spac(‘ recpiireuK'nls; (o) adaptability to the type of furaiacc and stoker 
desired; (()) overload cairacity; and (7) cost of boiUu- and setting. For 
rated capacities abov(‘ 200 hj). and pressures above 150 lb. per sq. in. or 
more, the water-tub(‘ or souk^ form of internally fired boiler in which the 
shell plates are not (\\])os(‘d to the high temperature of the furnace is 
considered safer than the horizontal tubular boiler, V^ecause the shell 
plates and the seams of the latbu- must be of considerable thickness in 
the larger units, and Ireing exposed t.o the hottest part of the fire are 
likely to give troubk', espc'cially if the water contains scale or sediment- 
forming elements. In th(' rnocku^n centr-al station, steam pressures of 
275 to 350 lb. per sep in. ar(‘ standard practice. In a f(^w recent installa- 
tions, a pressure ()f 550 lb. has been specified, and at least two plants 
have placed orders for* boiler's to opruate at 1200 lb. gage. (See para- 
graphs 183 and 214 for’ a discussion of high pressures.) Return-tubular 
and stationary locomotive boilers are sc'ldom made in sizes over 250 hp. 
and hence arc^ not to be considered for large units. For sizes under 200 hp. 
(78-in, by 20-ft.), th(^ i c'turn-tubulai’ boiler is most commonly installed, 
unless high pressure and low h(‘ad-room is essential, in which case the 
internally fir-ed S(H)t(!h-maiin{^ boiUu* or a cross-drum type of water-tube 
boiler, such as tlu' Burton, is used. The water-tubc'. boiler is usually em- 
ployed in large* centr al stations for’ liigli-prossure lurits of 200 to 3000 hp. 

The particular type of water-tube boiler is to some extent a matter of 
personal taste on thr* part of the engineer, but due consideration should 
be given to the six'cial reriuireiiients as listed above. For small powers 
and for intermittent op(*ration, small ver tical or’ hon'zontal fire-box boilers 
have the advantage of low first cost. The small air leakage and radiation 
losses give interrially-fir’i'd boilers an advantage over the brick-set ex- 
ternally-fired fire-tul)e or water-tube types, but this is partly offset by 
the greater extiuit of r egenerative surface in the setting of the latter. In 
several recent installations, the brick settings are completely encased in 
steel, and a layer of high-grade insulating material is placed between the 
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brickwork and the casing. This nnlucos the lc‘iikage and radiation losses 
to a minimum, and the setting l■("mains efieetive ovt'r a long i^cn iod of time. 
Internally-fired boilers arc' more c'xpensivc' than tiu' extc'inally fired, 
though the extra cost of setting and foundation in tlic' latter may bring 
the total cost of the entire ecpiipment to i)ractically the same figure. 
Intcmally-fired boilers above 300 hp. rated capacity arc' not much in 
evidence in statiomiry plants. The dc'sign and installation of thci boilers 
and furnaces should be left at the outset to a capable* enginec‘i\ 

Makers usually rc'cpiest the following information from intending 
purchasers : 

1. The kind of fuel to be burnc'cl. 

2. The type of furnace or stoker. • 

3. Head room. 

4. Steam prc'ssure and superheat dc'sired. 

5. The ejuantity of steam clemanclc*d. 

6. The nature and intensity c)f draft. 

7. Quality of fec'dwater. 

8. Class of labor procurable. 

9. Characteristic load of plant, 

85 . Selection of Size. — Thc' most, c'conomical size of individual boiler 
units for any plant is clependc'nt. primarily upon the maximum steam 
requirements and character of the load. The load cui've for manufactur- 
ing plants may be prc'determined with a fair dc'gree of accuracy, since 
thc power and stc'am dc'inands for various i^ui posCs may be readily segre- 
gated and analyzed; but with i)ublic utility c;onc.c'rns and certain classes 
of isolated stations the problem is largc'ly a matter of c'xperic'nce and 
judgment. The load curve should inc*lude not only thc^ average yearly 
load, but also the maximum daily load which is likely to occur, the mini- 
mum daily load, temporary peak loads, and in*obablc future increase. 
In most easels thc general characb'ristics of the load (uirves are based 
upon those of similar plants having comparable conditions of operation, 
and the magnitude of the load is calculated from tlu* power and steam 
requirements .of the particular plant und(‘r analysis. As water rates of 
prime movers and various^ auxiliaries may be obtained from the manu- 
facturers, the steam consumption at various loads may be readily calcu- 
lated from the assumed load characteristics. 

With the steam requirements known, the iK'xt stej) is the determination 
of the number and size of boiler units to be instalh'd. In the first place, 
all boilers in a plant should be of the sanu^ size and type if possible, to 
insure uniformity of equipment and operating methods. Thermal ef- 
ficiencies are usually higher, labor costs lower, and first cost of the entire 
boiler equipment less for a few large boiler units than for a number of 
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small units of the same total capacity; therefore, the units should be of 
the largest possible size compatibh^ with the size of the i)lant and operat- 
ing conditions, and the total steam recpiirements should bo divided among 
such a number as will give proper flexibility of load and insurance against 
interruption of service^. As all boilei’s have to be shut down at times to 
allow for cleaning and repairs, standby units or “ spare's ” are usually 
necessary to carry the load whc'n the others are out of senwict'. 

In the average plant of, say, 500 to 2500 hp. with fairly good fiHel and 
feedwater, three boilc'rs are ordinarily installed, two to carry th^ load 
and OIK' to stand in reserve'; but where' fre'epie'nt cleaning is necessary 
anel contnuiity of operation is essential, two spares may prove to be the 
better investment. In large central stations, the' be)ile',r plant is usually 
laid out on the^ unit e)r panel system, each panel serving erne prime mover. 
In the oleler designs, eaedi panel has 0 to 10 boilers, inclueling spares, even 
though the^ se'ctiems are cre)ss cejnnected; but in the very late^st elesigns 
there', are but twe) or thre'e boilers per turbine unit anel there are no spares. 
Some atte'ntion has be'cn give'ii to the one-turbine one-l)oiler idea, with a 
view toward simplifying jdant and piping elesign and reducing boiler-room 
labor, but as ye't no sue'-h installation has be'e'n made in large central 
stations. 

The most econe)niical size and numbeir for an assumeel set of operating 
conditions can be' determine'd only by consideiing the' various influencing 
factors, such as load characteuistic%s of the inelivielual boileu' units them- 
selves, first cost, maintenance, and nature of the total plant load. High 
peak loads of she)rt eluratiem usually warrant the installation of a few 
units with heavy overload e'.haracte'ristics, while uniform le)aels are handled 
more economically with a large number of units operating near their 
point of maximum thermal efficiency. It should he borne in mind that 
extremely high boiler ratings are obtainable only with the best of furnace 
constructions, scale-free feedwater and first class supervision, and since these 
conditions are seldom found in any but the largest plants, it is better, as a 
general rule, to err in installing too many units than in attempting to operate 
a smaller number of undersized units at continuous overloads. A study of a 
numbcir of the latest installations shows that fewor boilers are being in- 
stalled than formerly for the same conditions, owing to better furnace 
construction, improved methods of handling fuel, and provisions for 
feedwater purification. Because of the great number of variables enter- 
ing into the problem of determining the number and size of boiler units 
for a given maximum capacity, general rules arc without purpose except 
for very rough approximations. In central station practice of a decade 
ago, boiler units of more than 10,000 sq. ft. of heating surface each were 
exceptional, and the ratios of water-heating surface to kilowatts of rated 
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generator capacity ranged from 3 to 1, to 5 to 1; but, in the very latest 
designs, individual boiler units of less than 15,000 sq. ft. of heating surface 
arc seldom installed, and the ratios of water-heating surface to kilowatts 
of installed generator capacity range from 1.2 to 1, to 2.5 to 1. 

86. Boiler Accessor Jos. — All stc^ani boilers must b(* protected by safety 
and relief valves, and by such indicating and (controlling devices as 
will insure their safe operation. Such devices, including appliances or 
fittings which are ('ither intimately connected with 
the boiler structure or with the work of boiler opera- 
tion and maintenance, are commonly designated as 
boiler accessories. Th(' design and installation of the 
more important safety devices an^ controlled by law and 
insurance recpiireiiKnits. Considering the fact that the 
A.S.M.E. Boil(‘r Code has already been adopted by a 
number of states and no doubt will eventually supersede 
all othters, (cxcc'pt perhaj^s thos(‘ under federal control, 
only the device's and installations recommended by the 
Code will be disciisse'd. 

Safety Valves. S(‘e })aragraph 31(). 

87. Water Gages. — The water level in a boiler is 
usually indicated either by a gage glass, l)y try cocks, or both, (ionnected 

directly to the boiler as in Fig. 1, or to a water column 
or combination as in Fig. 69. Water gag(\s and water 
columns should b(‘ so locabal that the normal water 
lev(d is n(‘ar th(‘ center of thci gage or column. The 
upper- try cock should be located at the highest per- 
missible wat('r l(*v('l and the lower one at the lowest 
level, and the position of the middle cock should corre- 
spond to normal water level. In th(‘ simple water 
column illustrated in Fig. 69, the gage glass connec- 
tions are fitted with simjrle stop valves for shutting 
off th(i steam or watcir in case the glass is broken. 
In high boilers the Wtater-gage valves are usually of 
the (piick-closing type, Fig. 70, which may he operated 
from the boiler room level by means of a chain at- 

X IVH. IV/. V^Ull/JV V, «!.'>- 

ing Water Gage f^tichcd to the valve stem. Try cocks for high boilers 

Valves. are similarly operated by chains and arci automatic 

in closing (s('e Fig. 71), Certain types of automatic 
water-gage valves for automatically cutting off the water or steam supply 
when the gage glass breaks are permitted by the A.S.M.E. Code, but 
their use is not common. Water columns fitted with hand-operated 
drain cocks should be blown out ’’ periodically to remove any sedi- 
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Fkj. f)9. Simple 
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Fig. 71. Self-closinK Cia^c' (.'ock 


} » Staam 
Coaneclion 


mental deposits. By eomiocting the drain opening directly with lower 
column connection, the drain cock may be dispensed with and sediment 
will not lodge in the bottom of the glass. This system of drainage is a 
common practice. Water columns are frequently fitted with float-con- 
trolled whistles, as illustrated in Fig. 
72. These alarms automatically give 
^ ^ a warning signal when the water 

ValvTo!^^^ V \ 

“ ^ ^ stead of a whistle, the ’floats \ may 

(I actuate an ekictrie circuit which in 
Fici. 71. .SeW-closiriK GaRP Cor k tu”! 'H^y liKhi a lamp, riiiK a bell or 

Imzzer, or rc'cord th(' time of opening* 
on a chart. Water columns ai e usually comic .‘ted to the boiler without shut- 
off valves, but if such valves are used the A.S.M.F. 

Code prescribes that '‘they shall be either outside- A n^ Ionneclion 

screw and yoke-gate; valves (see paragraph 310), or & 

stop cocks which hav(' lev(‘rs pc'rmanently fastened 
thereto, and such valves or cocks shall be lockt^d 
or scaled openJ' Th(i Code also stiimlates that the ^ 

piping between watc^r column and the boiler shall j fi.. 

have no outlet connections except for damper n'gu- ^ ^ ® 

lator, feedwater regulator, drains or stc^am gages. [| ^ 

88. Fusible or Safety Plugs. — Fusible or safe^ty I S! 

plugs, as illustrated in Fig. 73, are brass plugs 
provided with a fusible m(*tal core. They are in- coonyiU 
sorted in the shell or tubes at the lowest permissible^ J 

water line. Whem they are' (covered })y water the cniSJ 

heat is conducted away sufficiently fast to k('(q) th(i ^ 

temperature below the fusing point, but when they C ornbmed 

are uncovered the low conductivity of the steam 
prevents the rapid withdrawal of heat, whereupon Alarm, 
the alloy melts and the blast of escaping steam gives 

warning. The melting point of fusible metals being sometimes uncertain, 

• plugs occasionally 

InsideJ^y-pefl , ^uteMle-Xypes ^ bloW OUt WithOUt ap- 

parent cause and at 
'I other times fail to act 

Fig. 73. Types of Fusible Plugs. heated. Fusible plugs 

may be attached di- 
rectly to the boiler heating surface or in a fitting attached to the boiler, 
so that the flow of water or steam may be shut off when the plug melts. 


Fjg. 72 Combined 
Water Column and 
High and Low Water 
Alarm. 


Fig. 73. Types of Fusible Plugs. 
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The A.S.M.E. Code considers only the directly ii1tjich(‘d plu^s and recom- 
mends where they should he inserted in the various types of boilers. 

89- Blow-offs. — Boilers must be provided with blow-off pipes for 
draining off the water and for disc-harging scalimtuit and scale-forming 
material. The '' bottom blow ” is ()r(linaril>^ an (wtia la^avy pipe of 
suitable diametca’ connected to tli(' mud drum oi‘ to the low('st part of the 



Fig. 74. Blow-off "lank juul Fi(». 7/5. Surface Blow. 


Connections. 


boiler and fitted with two valves or cocks, or a valve and cock (see para- 
graph 315). The generally a|)|)roved m(‘thod of arranging the blow-off 
pipe for a return-tubular boikn- is shown in Fig. 117. This method of pro- 


tecting the pii)e from tlu* dinait 
action of the lu'ated gases by 
means of a V-shapeal bj iek i)ier 
permits t'-asy examinations of 
the blow'-off through th(' ck\an- 
ing door in the I'ear wall of 
the setting. Wher(‘ boilers are 
arranged in batteries, the bat- 
tery may hav(' a c-ominoii 
outlet for the blow-off pipes. 
The blow-off pipes arg fre- 
quently discharged into the 
open air, but this is not per- 
missible in large cities, nor is 



Fig. 76. Skimmer — FlontinK Tyjie. 


it lawful to blow directly into the s(wver. In this case, the water and 
sediment may b(^ discharged into a blow-off tank, Fig. 74, and permitted 
to cool before delivery to the sewer. 


Surface blows are occasionally installed to remove scum, grease, and 
floating or suspended particles of dirt in small plants when^ the water is 
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particularly bad. The bell-mouthed shape shown in Fig. 75 permits 
the skimmer to accommodate it self to varying water levels. Skimmers are 
sometimes provided with a flexible jointed float, Fig. 76. 

90. Damper Regulators. — In hand-fired natural-draft furnaces, the 
amount of air admitted to the furnace and amount of flue gas passing to 
the stack is usually controlled by the boiler or stack damper. This 
control may be manual or automatic. There are countless automatic 
dami)(‘r r(‘gulators on the market, and practically all'low- 
pressiii e heating boilers are ecpiippcnl with „ such\ ap- 
plian(!(\s. In high-pressure installations, however, manual 
c.ontrol is th(' more common and automatic control the 
(‘xception. The majority of damper regulators for hand- 
firc'd, natural-draft boilers d(\nend ui)on variation in steam 
pressures as the primary control. The difference in pres- 
sur(' may act directly upon a steam piston to whi(;h the 
damper is (iomiected by suitable linkage, or it may 
actuate ji relay s^^stem so tliat th(' movement of the 
damper is effect'd by compressc^d air, by water under 
pressure, or by an electric motor. Low-prt'ssure regu- 
lators (consist usually of a flat or sylphon diaphragm 
Fi(i. 77. 'i'ypical with direct l)oiler j)ressure on one side and the damper 

SUmm-iictiiatcd linkage on the other. Iligh-pressure regulators are 

Damper Uegu- (hither of th(^ direct-pressure type or of the relay 

lator. , 

type. 

Figure 77 shows a section through the simplest form of the high-pressure 
diroct-steam-actuated type'. The device is connected directly to the 
boiler by pipe A. The pressure on piston B is balanced by spring C 
under normal conditions of operation. 

Any variation from the normal steam 
pressure will cause th(^ rod R to move 
up or down so that the damper is 
opened or closed in proportion to the 
change in pressure. The chamber N 
is separate from chamber M so that 
steam cannot (!ome into contact with 
the spring. Piston /) acts as a guide 
and prevents sudd(‘n movc'UKmts of the main actuating piston. 

Figure 78 illustrates a typical mechanism of the indirect type. Full 
boiler pressure acting at all times on the diaphragm A raises or lowers a 
weight W attached to arm D according to the increase or decrease of 
pressure. Arm D actuates a small valve F, which controls a supply of 
water under pressure to chamber B. The water pressure acts on the 



Fig. 78. 


Typical Hydraulic Damper 
Regulator. 
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diaphragm in chamber B, which in turn moves the damper through the 
agency of weighed lever E. 

Dampers similar to those just desciibed are satisfactory where there 
are no sudden variations in steam pressure, but, ^vher(' such changes 
occur, the damper is apt to be shifted from ‘'wide oi^m ” to “shut,'’ 
resulting in a contimuHl “ hunting ” action betw^(MMi fluctuation in steam 
pressure and damper movement. In tlu' latest designs this hunting 
action is avoid('d by moving the damper in gradiiat.c'd st('i)s and by (effect- 
ing a delay(‘d action b(‘twxHen ("ach step. Among th(' latt(‘r may be imm- 
tioiu'd the McDonaugh, Ruggles-Klingemann and th(‘ National. When 
correctly adjust('d and given j^roper attention, auliOinath^ dam])ei‘s of the 
graduated-stej) typ(e r(\sult in satisfactory.fuel savings over hand control. 

In the modern stoker-finMl i)lants with natural or indiicc'd diaft, the 
movement of the dam[)er i.^ coordinated with thc^ control of the stoker 
and fan cngiiK's. S(‘e paragraph Kil. 

91. Soot Blowers, Tube Cleaners, etc. — Aside from th(e assurance against 
burning out of tub(\s due to the a(‘cumulation of scale, the maintenance 
of clean heating surfaces is one of the most iin])ortant problems in (Con- 
nection wWh I'c'cont dev(‘l(jpm(mts toward higher* boiler latings and in 
the operation of large })()iler units. JOfficieiu^y and caf)acity d(*j)end to a 
greater extcMit upon cleanliiu^ss (both int(‘rnal and external) of th(' heat- 
ing surfaces than is ordinarily ivalizcnl. Soot is an excudlcuit heat-insulat- 
ing material, and consecpKuitly any appreciable deposit on the hc'ating 
surfacu'S will jeducc* the rate of hc'at absorption ainl r(‘sult in high flue- 
gas tcmiperatm es. The gain (‘fleeted in ('conomy and capath.y by the r(i- 
muval of soot vari(‘S with depth, exUmt, and Tiature of the deposit and 
with the rate of driving. No modc^rn plant is opc^rated without periodic- 
ally rcmioving this de})osil. 

Surfacies exposc'd to the action of the ])ro<lucts of conil)ustion are cus- 
tomarily freed from soot and clinkcu’s by st(\am lanc(\s, soot blowers in- 
corporated within the setting, brushes, scrapers, and similar appliances. 
Light, flocculent soot is conveniently n^moved at regular intervals by means 
of a hand-operated steam lance with which all surfaces arc^ reached and 
swept clean. Under certain conditions more economical results are ob- 
tained ))y permanently fnstalled soot blowers. (See Figs. 79 and 80.) 
These consist of a series of pipes and nozzk^s, the latter stationary or re- 
volving, located so that all parts of the heating surface subjected to soot 
deposit may be swept with a jet of steam. In the older designs, individual 
hand-controlled valves are placed in the pipe bran,ches leading to the 
blower element; in some of th(^ more recent designs the valves are in- 
corporated in the head of the ekmient so that manipulation of the chain 
opens and closes the valves. Electric control and electric operation of 
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the individual heads by means of small motors is also in evidence in some 
of our latest stations. A soot i)lower is considerably superior to a hand 
lance from a safety standpoint. For steam consum])lion of soot blowers, 
see paragraph 60. With certain grades of coal under heavy furnace 
capacity, the particles of ash and slag carried along with the products of 
combustion are in a plastic stat(^ and adhere to the two or three lower 
tubes. The accumulation may eventually result in a complete choking 
up of the gas passage's. Blowing by hand lances and machine blowing 
devices will not remove the ac'cumiilation, and dislodging the deposit 
with pokers, after the furnace has Ix'en partially cooled, apix'ars to be 
the only practical solution of the ])robl('ni. 

The question of preventing the' format^ion of scale by purification of 
the feedwater and tlu' loss in lu'at transmission due to scale deposit is 
treated at length in ('hafiter Xlll. In th(' average; plant, furnished 
with commercially good fc'cdwatc'r, it is a cr)mmoTe piactice to allow 
scale to deposit for a limiteel pe'riod of time and llu'n remove; it mechanic- 
ally by tube cleancTs and scrapeu’s. The ])rincipl('s of construction of 
these devices vary widc'ly according to th(' type's eif boilers in which they 
are used, and depend upon the nature' of the' eluty whie'h they must per- 
form. Mechanical tube cleaners may be conve'nie'ntly divideel into two 
classes : 

1. Those which loosen the scale by a se'ries e)f rapiel hammer blows, 
Fig. 81. 



2. Those which cut out the scale by a re'volving tool, Fig. 82. 

The hammer elcvice is applicable to either the water or fire-tube type 
of boiler, but the revolving cutter is applicable to tlie water-tube only. 
Compressed air, water under j)rcssure, or steam may be used as the motive 
power for turbine cleaners, and steam or air for hammer (deaners. Water 
is ordinarily the most convenient for the turbine type, but air increases 
the capacity of the cutter and is finding favor with many engineers. 

Referring to Fig. 81, the hammer head J is given a rapid motion, which 
may reach 1500 vibrations per minute, and subjects the tube to repeated 
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OutBlde Caae Rbiu- Bushinir oap for Uomovlng 
Spidur Coupling \Steol Plate \ Hear Buahinj; 

pHiJdifiyr~^“i^ .y- -i / 


shocks, tluToby cracking the brittle scale and jarring it loose from the 
water surface of the tube. The cleaner he^ad is attached to a flexible 
pipe of sufficient length to enable it to be pushed from one end to the 
other. Unless carefully manipulated, the hammer is apt to injure the 
tube by swaging it to a larger diaiiK^ter and the vibrations may cause 
leaks where the tubes arc expanded into the tube shec'ts. 

Turbine cutters are made in many designs, one of which is shown in 
Fig. 82. The particular device illustrated in Fig. 82 is of the hydraulically 

driven type. A high \Bpeed 
of rotation is imparted tip the 
cutter head by a small paddle 
wheel or turliiiu' located as 
indicated. The cAitters chip ‘ 
{he scale into small pieces, and 
the stream of air flowing from 
the turbine* (*nvelops the cut- 
t(*rs, keeps their edges cool, 
and washes away the scale as fast as it is d(*tached. Diffeu’enit styles of 
cutter wheels are furnished with each cleanci’ so as to adapt the device 
to all kinds of scale formations. In well managed plants using raw 
feedwater, seiale is not permitted to d(*posit to a thickness gr(*at(*r than 
1/32 to 1/10 of an inch. Small-sized tub(' cleaners for su[)erheaters are 
frequently oi)ei’at(*d by comprcss(‘d air. 

Soot Removal from Fire-Uibe Boilera: Power, Aug. 27, 1918, p. 305. 

Economieti of Mechanical Soot Blowers- Power Plant Engrg., Nov. 1, 1923, p. 1070. 


,, Front y ^ 

c.n.c.id;: ‘"'■'•‘"■i: 

Cutter Screw Pin 



r .‘5|u-ll \ Kbar HiHr 
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Fig. 82 . 


Mechanical Tube Cleaner — Cutter 
Type. 


PROBLEMS 

1 . Given: initial pressure 115 lb. abs.; barometer 29.92 in.; quality 98 per cent; 
feedwater, 82 deg. falir. Required b. hp. necessary to furnish a 50-hp. engine with 
steam; engine uses 45 lb. per i.hp.-hr. 

2 . A 30,000-kw. steam turbine and auxiliaries require 12 lb. steam per kw.-hr. at 
rated load; initial pressure 200 lb. abs.; superheat 250 deg. fahr.; feedwater 180 deg. 
fahr. Required the b. hp. necessary to furnish the turbine and auxiliaries with steam. 
If the boilers are operated at 250 per cent rating wiien supplying the turbine and auxil- 
iaries, required the ratio of kw. turbine rating to b. h\\ rating. 

3 . A boiler evaporates 90,000 lb. of waiter per hr. from a feed temperature of* 210 
deg. fahr. to steam at 300 lb. absolute pressure* and 200 deg. superheat. If the boiler is 
being forced to 200 p(‘r cent rating when evaporating this amount of water, required the 
extent of heating surface, assuming that the normal rating corresponds to an evapo- 
ration of 3.45 lb. water from and at 212 deg. fahr. per sq. ft. of heating surface. Al- 
lowing 10 sq. ft. of heating surface per rated b. hp., required the boiler rating. 

4 . Determine the factor of evaporation for Problems 1 and 2. 

6 . The following data were taken from a boiler test: 

Heating surface, 8000 sq. ft.; grate surface, 160 sq. ft.; furnace vol., 1600 cu. ft 
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Coal analysis (as fired): moisture 8 per cent; ash 12 per cent; B.t.ii. per Ib. 12,100. 
Weight per hr.; water fed to boiler, 32,000 lb.; coal 4000 lb.; dry refuse removed 
from a.shpit, 720 11). 

Temperatures: flue gas, 480 deg. fahr.; feedwaU'r, IGO deg. fahr ; boiler room, 80 
deg. fahr.; relative humidity, 50 per cent. 

Pressures: steam pressure, 125-lb. gage; barometer, 29.0 in., superheat, 100 deg. fahr. 
Required: 

а. Factor of evaporation. 

h. B. hp. developed. 

c. Per cent of builder’s rating developed (builder’s rating = 10 sq. ft. of heating 
surface per U hj). 

d. Evaporation lb. per lb. of coal as fired: 

(1) Actual 

(2) E(iuivalciit ‘ 

e. Evaporation lb, per lb. of dr^' coal; 

(1) Actual 

(2) Equivalent 

/. Evaporation lb. per lb of eoinl instil >le; 

(1) Actual 

(2) Equivalent 

g. Equivalent evaporation lb. per Ib. of combustible burned. 

h. P^vaporation lb. per sq. ft. of heating .surface. 

(1) Actual 

(2) Ecpiivalent 

(3) No. of 1000 B.t.u. absorbed per hr. per stp ft of hi'ating surface. 

i. Combustion .space fier lb. coal as fired per hr , cu. it. 

j. Heat value of the (!oinbustiblc as fired, B.(.u. ])er lb. 

k. Heat value of the cornbustilile as burned. 

l. Plflieiciicy of the boiler, furnace, superheater, and grate, j)(;r cent. 

m. Efficiency on the combiislible ba.sis, per cenl. 

б. The following additional data were taken during the test oiitlinial in Problem 5: 
flue-gas analysis, per cent by volume: C’Oa, 14 H); (.X), 1.12, O, 3.54; N, 80.85; 
heat value of combustible in refuse, 13,500 B.t.u. ])cr lb. 

Ultimate analysis of coal as fired, per cent by weight; 

Carbon 66, hydrogen 5, nitrogen 1, oxygen 8, moisture 8, ash 12. 

Calculate on the coal as fired basis: 

(1) Complete heat balance. 

(2) Inherent losses. • 

(3) Per cent of available heat utilized. 

7 . If the fuel, analysis as in Problem 22, cost $6.00 per ton, determine the fuel cost 
of evaporating 1000 lb. ivater from and at 212 deg. fahr. 

8 . A test of an oil-fired furnace gave an actual evaporation of 13 lb, water per lb. 
of oil with boiler, furnace, and superheater efficiency of 80 per cent; boiler pressure 200 
lb. abs., superheat 100 deg. fahr., feedwater temperature 162 deg. fahr. Required the 
heating value of the fuel. 



CHAPTER V 


SUPERHEATERS 

92. Advantaers «f SuperhpatiiiK. — That supc'ihoatod st('an\ results in 
ultimate j)laii1i I'conomy is ('viih'iicod by the fact that the largest and most 
economical plants in the woild ai'(' e(piipp(“d with superheaters. A limited 
amount of superheat can be iiSed vvil,h pi'actically any eciuipment, and it 
effects ultimate' economy in nearly all cas('.j. Higher suirerheats require 
specially designed ('(piijmient. Practically all modern central turbo- 
generator stations and large isolated piston-engine plants arc de, signed 
for superheated stc'am. No ge'iicral rule's e-au be drawn as to the extent 
of the saving maele, beetause of llu' greeit number of variable factors enter-' 
ing into the pretble'in. Each installatiem must be eiemsielere'd by itself 
and due ceuisiele'riitieen give'ii to such items as the type' and size of prime 
movers, characte*r eif se'rvice, nal.ure anel cost eef fuel, piping, first ce)st, 
upkeep and the' like. The leegical prerceelure is to eletermine the saving 
in fuel regarelle'ss eif eethe'r facteers anel theui eleeluct the extra expense due 
to first ceest anel ujeke'e'!). The' re'sulting ne't gain e)r loss will show whether 
or not the use e)f superheat is aelvisable'. 

Theoretie'ally, all tyiies eef steam-driven prime movers show increased 
heat efficiency with supeibeateel steam, but the gain is usually less than 
that actually realizeel in the' ceemme'rcial me'chanisrn. Asiele from the 
gain in the prime nmve'r, there is the' po.ssible' adde'd e'fficiency in the boiler 
plant. It is ti'ue that the' heat required to superheat steam is furnished 
by the fuel, and when a elefinite weight is superheated an added amount 
of fuel must be burneel; but with a projre'rly designed superheater integral 
with the boiler, the overall ('fficiency of boiler and superheater is usually 
somewhat high('r than if saturated steam alone w(;r(! generated, so that 
the added amount of fuel is less than the heat gained by the steam. In 
addition to the thermal gain in the jnime mov('r and boiler, there may be 
a reduction in heat losses in the piping system because smaller pipes may 
be used and because superheated steam gives up heat less rapidly than does 
wet steam.* Furthermore, the increased economy of the prime mover 
may permit a reduction in the size of boilers, condensers, and other aux- 
iliary apparatus. 

At high temperatures superheated steam behaves like a gas and is, 


‘ Lower Line Losses with Suiierheated Steam: Power, Aug. 7, 1923, p. 233. 
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therefore, in a far more stable condition than saturated steam. Con* 
siderable heat may bo abstracted without produciiip; liciuefaction, whereas 
the slightest absorption of heat from saturated stc'am results in conden- 
sation. If superheat is high (Miough to supply not only the heat absorbed 
by the cylinder walls but also the hc'at equivalent of th(' work doin^ during 
expansion, the steam will be dry and saturated at release'. 

According to Ripper (“ Steam Engine Theory,” p. 155), this is the 
condition of maximum efficiency in a single cylinder, but s('V('ral tests of 
recipro(;ating steam engiiu's conducted by th(' author gave maximum 
efficiency when the ('xhaust showe'd superheiit varying from 10 to 25 deg. 
fahr. Long observations on stc'am eiigines show that, in order to obtain dry 
steam at release, th(' suiierhi'af at cut-off must. Ix' Ix'tween 11/2 and 2 1/2 
times the total tern peraturcb drop which would occur if i.hc' engine were 
operated with saturat'd steam, di'pendiTig ii])on lh(* initial condition of 
the steam and the' ratio of ('xpansion. Under “ temiK'ratui’O drop,” is 
understood the tempeiaturc' difh'rencc' })(‘tw('(‘n the live steam and the 
exhaust steam. The earlier the* cut-off, th(' higher the degree of super- 
heat required. A superhc'at of not li'ss than 250 deg. fahr. at admission 
is necessary to si'c.uri^ dry sti'am at rc'lease in the avi'rage singlt', cylinder 
cutting off at one-fourth stroke and with boiler firessure of 100 lb. gage. 
Small steam turbines for auxiliary drives freipu'ntly show superheat in 
the exhaust when the' initial superhi'at is only 100 deg. fahr. There will 
be a reduction of aiiiiroxinialc'ly 1 per cent, in cylinder condensation for 
7.5 to 10 deg. of su])crh(‘at. In Europe' it is cdinmon i)ractice to super- 
heat the steam lietwi'C'ii each stage of compound and triple expansion 
engines, but this [U’acitict' is not geiH'rally followi'd in America l)ocause of 
the complications involved. A high-jiressure turbine designed for 1200 
lb. gage pressure and initial temperature of 750 deg. fahr. is now (1926) 
being operatexi in the Weymouth station of the fklison Ele(;trie Illuminating 
C'o., Boston, Mass. The exhaust from this unit is to be reheated to 750 
deg. and discharged at 300 lb. pressure into the steam mains which supply 
the large turbines at the station. 

The water rate of the st('am turbine is df'crc'ascul by superheating, but 
to a less extent than thj^t of the piston engine. Theoretically, the im- 
provement in steam economy is the same for both types of prime movers, 
pressure and temperature range's being the' same in each case, but in 
actual praejtice the gain is me)re premoiine'ed wilh the piston engine. This 
is due to the fact that with reciprocating e'ngines the.' live steam entering 
the cylinder comes in contact with cylineler walls which were previously 
cooled as a result of heat being abstracteel in the re-evaporation of moisture 
in the exhaust steam. This results in condensation losses when the live 
steam is not superheated. With superheated steam, the condensation 
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and rc-evaporation losses arc' c^lirriinated, or at least considerably reduced. 
In general, the less (economical the steam motor, the more is the gain 
effected by sujK'rheating. Aside' from the gain in heat efficiency, the use 
of superheatc'd stc'am benefits thc' turbine by reducing c'rosion of the 
blades aiid by lowering skin friction and windage. The fact that nearly 
all modern steam turbine' j)lants are opcratc'd with superheated ste^arn is 
evideiK'X' that superheating re'sults in ultimate plant ee^onomy. Where^ 
it becomes ne'C(\ssary, yKirtiemlarly with old boilers, to re'ducc' tlie operating 
pressure, with a co7is('(|U(‘nt dc'cn^ase in plant e*ai)acity, the' a^^plicjmon 
of superheat to such boile^rs will enable thc'in to me'C't the' power denn^nds 
of tbe plant at. the reduced ])ressure. In most case's, superheating Will 
provide additional reserve power over that of the' plant be'fore the pressbre 
was reduceul. 

Industrial Uses of Superheated Steam- Trans. A.S.II. efe V.!]., Vol. 25, 1019, j). 305. 

93. Economy of Superheat. — Many comparative tests of engines and 
turbines using saturat.e'd and superhe'ate'd steam, under varying conditions 
of pressure and temi)(‘i'iiture, have bc'en made' during the past few^ years, 
showing in all case's elc'cre'ased st.e'ain consumption due' to superheat. 
Substantial ultimate' gains are ('fleeted with mode'rately superheated 
steam, but in view of the still greater economies possible with highly 
superheatexl steam, with little additional cost for eejuipme'nt, it is advisable 
to iise^ ther highc'st su])erheat. whiedi j)lant conditions permit. In many 
new plants, particularly those of larger capacity, 250 to 300 deg. fahr. of 
superheat are be'ing used successfully. The first cost is not excessive; 
repairs are moderate ; and the life of the installation is all that can be de'sired. 

As far as steam consumption per hp-hr. is c.oncerned, superheating 
usually increases the economy of the piston engine' from 5 to 15 per cent 
and in some instances as much as 40, the latter figure referring to the more 
wasteful types. A fair estimate of the comparative ranges in steam con- 
sumption of various type's of prime movers using saturated steam, and 
steam superheated 100 and 200 deg. fahr., is given in the following table: 


Type of Eunice 


Simple, non-condensing . . 
Compound, non-Gondcn.sing 
condensing . . 
Triple^ condensing 
T urV)ine , nrm-coYvdoTiwmp; 
condensing.. 


Economy in Steam Con- 
8umpLion (Per Cent) 
Over Saturated Steam 


100 Deg. 
Superheat 

200 Deg. 
Superheat 

15-30 

20-38 

12-22 

18-32 

10-18 

16-28 

8-15 

12-22 

10-18 

16-28 

8-12 

1^20 
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European builders guarantee steam consumption with highly super- 
heated steam (total temperatures 750 to 850 dog. fahr.), as follows: 


TAi. por 


Singlo-cylindor roTidonsiiip; oni^iTio.s (iiniflow) 
Sinfi;l(*-(;ylindor non-c'ondrn.siii^ (Mipinos (iiiddow) 
Conipo\ind coiideiisiiip, (‘np:in('s (locomobile) 
Compound noii-eondeiisinp, cnjriiuvs (locoinobih*) 


8.5 
12 0 
8 0 
10 5 


All exceptionally low steam consumption is cicnlib'd to a tandem com- 
pound using st(^am sujierbeated to 815 d(;g. fahr. at an initial pressure of 
704 lb. abs. Wh(‘n ('xhausting against, an abs. l)ack picssur(‘ of 0.7 lb., 
the steam consum])li()n was ^7.12 Il>. |)(‘r i.hp-lir., corr(\sponding to a thermal 
efficiency of approximately 30 per c('nt. {PouhTj Feb. 7, 1022, p. 210.) 

In high-pressure steam turbin(‘s, the wat(‘r rate is impi'oved apjiroxi- 
mately 1 p(a* cent for every 8 to 12 deg. fahr. superheat,, th(' higher rate 
holding for about 50 deg. su])(Mheat and the lowca* for about 200 deg. It 
is difficult to (\stima,t(' th(‘ actual gain in la^at, economy duo to super- 
heating in v(uy large* turbines, siiuu* they are^ iu)t desigiK'd foi' saturated 
steam and tests with the* latter do not offer a t,!ue comparison. In a 
general way the* average* re*eluction in ste*am consumption for these largo 
units is about 1 pel' cent fe)r e‘very JO eleg. fahr. iiuTcase in superheat. 

In comparing the perfe)rmance of engines and turl)ine‘s using saturated 
steam, it is advisable t,e) base all results on the* heat consumed ii(*r unit 
output rathe*!- than on the* steam consumption, since the latter is aj)t to 
give a falser iele*a e)f the* re*lative* economies. The^ real m(*asure* of economy 
is the cost of pre)due*ing power, taking into consieleration all charges, fixed 
and operating, anel the next liest is the e-oal consumidion per unit output; 
but as a means e)f comparing the motors only, the heat consumption per 
unit output is very satisfactory. 

Sec paragraph 186 for the influence of superheat on the economy of 
reciprocating (*ngines, and paragraph 214 for th(i influence on steam 
turbines. 

94. Limit of Superheat? — In this country, steam temperatures of 600 
deg. to 650 deg. fahr. are common on locomotives. These temperatures 
are being used also in many stationary plants of large capacity. In 
plants of moderate size, and especially those which are converted from 
saturated to superheated steam, it is advisable to use the maximum 
superheat wffiich existing conditions allow, and which good engineering 
practice dictates as being safe. While, heretofore, moderate superheat 
has been considered satisfactory, the cost of fuel necessitates the utmost 
economy, and higher superheat should be used wherever possible to effect 
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economy. In Europe, few if any plants are installed without superheaters, 
and 700 deg. is a common temperature, with a maximum of about 850 
deg. There is no particular mechanical difficulty in designing power 
plant apparatus to withstand temperatures as high as 850 deg. fahr., and 
for industrial purposes still higher steam temperatures are often used. 

In general, it may be said that each case should be considered in all its 
details before a decision is reached relative to the most advantageous 
superheat temperature to be used. \ 

Experience has shown that with engines of ordinary design, slide-vWvc 
and Corliss, thee tempe^rature at the throttle should not exceed 500 deg. 
fahr. This corresponds to a superheat of 160 deg. with steam at 100 jb. 
gage pressure, and 130 deg. at 150 lb. This degree of superheat insures . 
practically dry steam at cut-off in th(' better *gradc‘ of engines. Just how 
far superheating can !)(' carric'd with a given engine of ordinary construc- 
tion can be det-ermined by expeniment onlj^ l)ut a temperatun^ of 500 deg. 
is probably an outside' figure and 450 deg. a good avei’agi'. Higher tem- 
peratures are apt to interfere with lubrication and soinetinu's cause warp- 
ing of the valves. With temperatures below 450 deg., no difficulties are 
ordinarily encountered. 

With highly superheated steam involving temperatures of 600 deg. 
fahr. or more, the poppet-valve type of engine is ordinarily employed, 
though balanc(id piston and specially designed Corliss valves are not un- 
common. The poppet valve is not distorted by heat and requires no 
lubrication. In Europe these engines have been brought to a high state 
of efficiency, but have not bec*n generally adopted in this country. The 
steam end of the composites gas-steam engines at the Ford Motor Com- 
pany’s plant, Detroit, are of Corliss valve design and though the steam 
at admission has a temperature of 700 deg. fahr. no difficulty is experienced 
with lubrication. 

Owing to the absence of rubbing parts in contact with the steam, and 
because the casing is not subjected alternately to high and low tempera- 
tures, steam turbines may be designed to operate successfully with tem- 
peratures up to 850 deg. fahr., though tcrnpc^ratures above 700 deg. are 
exceptional. The latest steam turbine installations in this country are 
designed for temperatures of 750 deg. fahr, 

95. Types of Superheaters. — Superheaters are broadly classified as con- 
vection superheaters and radiant superheaters, according to the source of 
heat. The former are usually placed in the boiler gas passages where the 
heat is transmitted mainly by convection, and the latter in the walls of the 
furnace where the heat transmission is by radiation. The convection type, 
which is by far the more common, may be grouped into two classes : 



SUPERHEATERS 


187 


(а) Independently fired, and 

(б) Integrally built superheaters, which are installed within the lioiler 
setting. 

The independently fired superheater is not widely used, owing mainly 
to the lower economy effected in fuel when compared with that obtained 
through the use of the integrally built type. However, there are many 
places where it is convcuiit^nl and advisable to use thein dependcntly 
fired superheater. For exam[)l(^ it may be desirable to have a small 
amount pf steam supcnheatcMl to a high degree. Where waste gases of 
high temperature ar(^ available', the iiuh'pcndently fired superheater may 
be used to advantage. In general, the independently fired superheater 
is confined to sjKuaal and limited uses. • The integrally built superheater 
may be located in the fun^acc', as in Fig. 94, at the end of the heating 
surface as in Fig. 97, or at some intermediate point, as in Figs. 86 and 89. 
Since the absorption (if hc'at depends chic'fiy uj)on the average temperature 
difference bt'tween th(‘ gases and the steam and the extent of superheating 
surface, the lecpiired (k'gree of superheat may be obtained from a small 
extent of hc'ating surface in the furnace, a large amount in the rear of the 
heating surface, oi- a proportionate amount in intermediate locations. In 
a general s(‘nse, the sum of the boiler heating surface and superheating 
surfaces per b.hp. is practi(uilly the same for any degree of superheat. 
The cost of a supt'rheatcMl stc'am boiler is approximately equal to that 
of a saturated stc'am l)oil(*r, siinu' the sup(Th('ated plant has less steam to 
generate. The reciuircMiients of a successful superheater are: (1) security 
of operation, or minimum danger of overheating; (2) uniform superheat 
at varying ratings of the boiler; (3) economical use of h(^at applied; (4) 
provision for free expansion; (5) provision for cutting out superheater 
without interfering with th(' operation of th(j plant; (6) provision for 
keeping tubes free from soot and scale. 

Superheat('rs may be separately fired or indirectly fired. The ad- 
vantages of the separately fired superheater are as follows: (1) The 
degree of superhc'at may be varicnl independently of the perfonnance of 
the boiler. (2) The superheater may be placed at any desired point. 
(3) Repairs are readily made without shutting down the boiler. 

'The following are some of the disadvantages: (1) Superheater requires 
separate attention. (2) Saturated steam only can be furnished to the 
prime movers in case of a breakdown of the superheater. This can be 
minimized by arranging the superheater in two sections, so that when 
one section is shut down the entire amount of steam can be sent to the 
other section. The superheat is then somewhat lower, and the pressure 
drop through the superheated' correspondingly higher. (3) Extra piping 
is required. (4) Extra space is required. 
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The indirectly fired superheater arranged in the boiler setting has the 
advantage of: (1) lower first cost; (2) higher operating efficiency; (3) 
minimum attention, (4) minimum space requirements. 

Until recently, superheaters integral with boilers were located in the 
path of the flue gases after they had passed a considerable amount of 
heating surface and had giv(ui up the greater part of thtdr heat. With super- 
heaters so locat(*d, the steam tc^nipc^ratun' increases apprc'ciably with the 
increased load. Figure 102 shf)ws th(' ndation between superhc^at aiiid 
boiler rating with a siqM'iheater locatc'd b('tw(Hai the first anj:! st'cohd 
passes of a standard wab'r-tiibe boiler. With th(' development of tlie 
large pow(T stations and large gcmerating units, niore uniform superheat 
has become a necessity, and siTperheater d('signs have undei’gonci new 
developments. Now, moit' than ever before', jt is ree^ognized that as long 
as steam is flowing through a supe'rheater, its (elements are' prote'cted from 
overheating by the ce)oling actiem e)f the steam, and the only time when 
they are endangered is during the firing-up pt'iiod. The gemeral practice 
in larger power stations is te) keej) boile'rs on the' line all the time. Thciy 
are shut down only for repairs e)r cleaning, so that the firing-up periods 
are less frequent. In modern powc'r jdants with large boih'rs, the super- 
heaters are, therefore, located in a hotter gas zone. In order to give 
uniform superheat at various boiler ratings, the capacity of a supcrh('ater 
must vary with that of the boiler. The ideal method of effecting this 

result would be to distribute the 
superheating surface throughout that 
portion of the gas path where heat is 
given up to th(^ water in the boiler. 
This, however, is not done, for practical 
reasons, but a superheater located 
between the boiler tubes, which gen- 
erate most of the steam, gives a prac- 
tically constant steam temperature. Superheaters having this charac- 
teristic are illustrated by Figs. 80 and 89. 

In a number of recent installations, the supc'rheat('r is placed directly 
in the furnace, and absorbs the heat by radiatioji (Fig. 94). With such 
location the temperature of the steam drops off with increase in boiler 
rating. By placing part of the superheating surface in the path of the 
gases, and part in the furnace, the rising characteristic of the convection 
type and the drooping characteristic of the radiant type will produce prac- 
tically constant superheat at all loads. 

Figure 83 gives the geiK^ral details of a Babcock & Wilcox superheater, 
and Fig. 84 shows the application of superheating coils to a longitudinal- 
drum Babcock and Wilcox boiler, illustrating the usual location of the 




Fig. 83, 


Babcock and Wilcox Super- 
heater Assembly. 
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Baboock and Wilcox Superheater — 
Usual Location. 


indirectly fired type. The superheater consists of two transverse, square 
wrought-steel manifolds into which two sets of 2-in. cold-drawn seamless 
steel tubes bent in a shape are expanded. The tubes ordinarily 

are arranged in groups of foiii-. Saturated steam flows from the dry 
pipe, located within the (Iriims, to the upper manifold. The latter is 
divided into as many sections as there are drums, so as to avoid expansion 
strain. From the ui)pei- mam- 
fold, the steam ]msses thiough 
the U-shaped tubes Icj lh(‘ lowca' 
one (which is continuous) and 
thence to a cast-st('(d super- 
heater center” fitting sujiportcal 
ovc^r the drum. The “ super- 
heater center ” fitting is jiro- 
vided with a superh(ait(Hl steam 
outlet and an extra opening for 
the reception of the superheatc'r 
safety valve. This sah'ty valve 

is furnished as a pai t of the regular eciuipment and is set 2 lb. lower than 
the safety valves of the boiler. This is essential in order to i)rovide a 
flow of steam through the superh(‘at('r and to jirevent any overheat- 
ing of the latter in case the load should bii suddenly thrown off the 

boiler. A small pipe connects the 
center fitting with the saturated 
steam spac(^ in the drum and is for 
th(' purpose of equalizing the pres- 
sures when the discharge from the 
superheater is closed. While a 
flooding device is not necessary, its 
use is fn^quciitly recommended by 

the Babcock & Wilcox Company. 
Fig. 85. Babcock and Wilcox Superheater rr., - . , r n 

-Double Deck (Usual Location). essentially of a small 

pipe which connects the lower mani- 
fold with the water space of the boiler and by means of which the super- 
heater may be flooded. Xny stiiam formi^d in the superheater tubes is re- 
turned to the boiler drum through the collecting pipe, which, when the super- 
heater is at work, conveys saturated steam into the upper manifold. When 
steam pressure has been attained, the superheater is thrown into action 
by draining the water away from the manifolds and opening the super- 
heaterstop valve. With the proportion of superheating surface to boiler 
surface ordinarily adopted, the steam is superheated from 100 to 150 deg. 
fahr. 




190 


STEAM POWER PLANT ENGINEERING 


The tubes of the Babcock & Wilcox superheaters, as applied to Stirling 
boilers, are ordinarily equipped with ferrules or cores, as conditions warrant, 
to give a proper ratio of tube cross-sectional area to header area. By the 

use of this construction, it is 
^ ^ assured that all tubes carry 

‘| ■ % their proper proportion of the 

’r ‘ — total amount of steam passing 

— through the superheater, and 
I i: 2 1 the danger of warihn^ or burn- 

! I : " y t <T\. jl tubes due to bcihg 

■ “ by-pa, ssed is obviated. \ 

;1 I ] ij ""J With single inlet and outlet 

I .] : _ I siij:)erhcattTs, one end of each 

l-'fPSJ I ' ■ . " 3 ^ superheater Invader is welded 

1 1 ^.r I U • ■ ' - closed. To the other end there 

j - j. . is a,tta(^hod a wrought-steel 

•j^l ■ Figure 42 shows a see.tion 
^ i through a duplex superheater 

installed in the 1200-lb. 
1^-^^ ]y boiler at (Calumet. The pri- 

|p\ Y niary superheater superhc^ats 

^ n the st(^am genej*ated by the 

Fig. 86. Babcock and Wilcox huperhcato — , i i xi i 

Located Between TuM Sections. while the secondary 

superheater reheats the steam 

exhausted at 300-lb. gage from the high-pressure turbine. The secondary 
superheater incloses the primary as indicated. 

Figure 87 gives a side elevation of one section of an Elesco superheater 
as installed in the Spring- 
field boilers at the Hell m/M 
Gate Station. The headers 

are made of extra heavy m -superheater Header 

pipe and are so located that H b -'~» - fj ~ 

the joints between headers ^ ^ ~ li v 

and elements are placed in 
a comparatively cool gas soiiersidewaii 

zone, and are easily acces- 

Bible for inspection and re- Fiq, 37. Assembly of Elesco Superheater — Side 
pairs. The elements con- Elevation. 


Fig. 86. Babcock and Wilcox Superheato — 
Located Between Tubfi Sections. 


~ Superheater Header 


\ Boiler Side Wall 


Fig. 87 . 


Assembly of Elesco Superheater - 
Elevation. 


sist of cold-drawn seamless 

tubing of am nil diameter, so that no cores are required. The elements 
are fastened to the header, by means of a detachable metal-to-metal 
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ball clamp joint, and no welding, rolling, or gaskets of any kind are 


applied. The clamp 
studs are made of 
special heat-treated 
alloy steel with a mini- 
mum tensile strength 
of 100,000 lb. p(‘r s(p 
in. Figure 88 shows 
a section through the 
header aiul joints. 

The elements have 
forged return bends, 
an important f(*ature 



Fic;. SS. Method of Securing Tubes to Header — Elcsco 
* Superheater, 


of these superheaters, since' tt ix'rmits placing of ehjinents closer together 



Fig. 89. Elesco Superheater Installation — Hell 
Gate Station. 


and better utilizes the 
spac(^ available for the 
superheater. Owing to 
the sharp turn, a better 
mixing of th(^ steam is 
obtained, resulting in a 
more uniform ht'ating. 

An}^ slugs of water 
carried over by the steam 
.are broken up in the re- 
turn Ik'iuI, and become 
easily ('vaporated. These 
return bends are made on 
the ends of th(^ units from 
the metal of the pipe it- 
self, by a special mc^chan- 
ical forging process with- 
out the use of electrical 
or acetylene welding. By 
means of the return 
bends, long units can be 
manufactured, decreas- 
ing th(^ number of joints 
in the header. 

Figures 89 and 90 are 
examples of two installa- 
tions in accordance with 


modern practice in superheater design. Figure 89 shows a large cross- 
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The tubes of the Babcock & Wilcox superheaters, as ap])lied to Stirling 
boilers, are ordinarily equipped with ferrules or cores, as conditions warrant, 
to give a proper ratio of tube cross-sectional area to headcM- area. By the 

use of this construction, it is 
assur(‘d that all tubes cany 
their proper ])TOpoflion of the 
total aniount of steam [)assiiig 
tlirough tlie superheater, and 
the danger of v arping or burn- 
ing of any tube's due to being 
by-])assed is ol'vialed. 

With singl(^ inlet and outlet 
superheat(TS, one (aid of each 
superheater lu'ader is welded 
closed . To tlu' ot h('r (aid tln^re 
is attached a wrought-steel 
flange. 

Figure 42 shows a secition 
through a duplex superheater 
as installed in the 12()()-lb. 
boiler at ('aluuK^t. The pri- 
mary superhc'atcu* superheats 
th(^ steam g(merat(al by the 
boiler, while the secondary 
superheater reheats the steam 
exhausted at 300-lb. gage from the high-pressure turbine. The secondary 
superheater incloses the primary as indicated. 

PTgure 87 gives a side elevation of one section of an Elesco superheater 
as installed in the Spring- 
field boilers at the Hell 
Gate Station . The headers 
are made of extra heavy 
pipe and are so located that 
the joints between headers 
and elements are placed in 
a comparatively cool gas 
zone, and are easily acces- 
sible for inspection and re- 
pairs. The elements con- 
sist of cold-drawn seamless 
tubing of small diameter, so that no cores are required. The elements 
are fastened to the header, by means of a detachable metal-to-metal 



Fig. 87. Assembly of Elesco Superheater — Side 
Elevation. 



Located Between Tubft Sections. 
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ball clamp joint, and no welding, rolling:, or gaskets of any kind arc 


applied. The clamp 
studs are made of 
special heat-treat('d 
alloy steel with a mini- 
mum tensile st](Migth 
of 100,000 lb. p(‘r sq. 
in. Uigure 88 shows 
a section through the' 
head(‘r and joints. 

The elements have 
forg(Ml return })en(ls, 
an important f(‘ature 



Fk;. SS. Method of Seciirinfz; Tubes to Header — Elesco 
* Superlieatcr. 


of these superheaters, since It permits placing of ekments closer together 


and better utilizes the 



Fig. 89. Elesco Superheater Installation — Hell 
CJate. Station. 


space available for the 
superheater. Owing to 
the sharp turn, a better 
mixing of the steam is 
obtained, resulting in a 
more uniform heating. 

Any slugs of water 
carrier! over by the steam 
,are broken up in the re- 
turn bemd, and become 
(^asily (waporated. These 
return bends are made on 
the ends of the units from 
the metal of the pipe it- 
self, by a special mechan- 
ical forging process with- 
out the use of electrical 
or acetylene welding. By 
means of the return 
bends, long units can be 
manufactured, decreas- 
ing the number of joints 
in the header. 

Figures 89 and 90 are 
examples of two installa- 
tions in accordance with 


modern practice in superheater design. Figure 89 shows a large cross- 
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drum boiler built by the Springfield Boiler C’ompany for the new Hell 
Gate Power Plant of the United Electric Light & Power Company in Now 
York. The completed plant will (-onsist of 24 boilers, 12 of which are 
now in service. The superheater is located in the first pass between 



Fig. 90. 26,470 Sq. Ft. Ladd Boiler and “Eles«o" Superheater. River 

Rouge Station. 


the sixth and seventh rows of tubes. The space is so selected as to protect 
the elements from too high temperature and, at the same time, to secure the 
high superheat specified with a minimum amount of tubing and minimum 
obstruction to the flow of the gases. The supeiheater is designed for 
200 deg. of superheat at 200 per cent rating. The headers are supported 
on steel work and are free to expand and contract in all directions. All 
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joints between headers and units can be inspected fi-orn the outside of the 
boiler by merely removing the access door in front of them. 

Figure 90 shows a iMiilei* installed in the Fiviu* Rouge plant of the Ford 
Motor Company. Each su[)(Mh('ater consists of threes headers, two 10-in 
in diameter and one 12-in. The lieaders are located lielow the boiler 
steam drum. Steam is taken from two points of ttio boiler, collected, 
and led to the ends of the lO-in. saturatcnl steatn header, both connections 
being on the same side of tlu' hoikus. Fi*oin the saturated headers, the 
steam passes through tti(‘ ('leuKMits and is returned to the 12-in. super- 
heated steam headei’ and discharged at the side o})posite that at which it 
enters the saturated h(‘ader, tli(‘r(‘by a.voiding any possibility of short- 
circuiting, and at, the sanu^ time attaining a corrc'ct st,('ani distribution 
through all the (deiiKUits. 'I'he units arc ]^laced in the first pass of the 
boiler, protectiul by 
a few rows of boiler 
tubes. This ai’iaiige- 
numt not only ob- 
tains a location of 
th(* superheater in 
an advantageous gas 
path, but also ju'ae- 
tic^ally eliminates 
the obstruction t,o 

the flow of the gas(‘s jiast the supcuhejiter. Tlu' su])erheater heating 
surfac(' is also contained in the least jHissibk space of the boiler. All 
units are suspended frcmi the headcTS in a nearly v('rtical position, and are 
thus free to expand and contract. The vertical position of the units, 
coupkid with their smooth surface, also prevemts the accumulation of 

soot and ash(‘s. The headers are 
WUK located outside the boiler away from 
the hot gases. This location of the 
headers offers facility for inspection 
and rei)airs, even during operation, 
without the necessity of going into 
the s(d,ting. Any unit in the super- 
h(‘at,er may be disconnected and re- 
moved without interfei’ing with the otlua’ units. 

Figure 91 shows an assembly of Foster convection superheater ele- 
ments, and Fig. 92 the details of construction. This device consists 
of wrought-stecd headers joined by a bank of straight parallel seamless 
drawn-steel tubes, each tube being encased in a series of annular flanges 
placed close to each other and forming an external cast-iron covering of 



Assembly of I'ostor Superheating Element. 



m 


Cusi Iron 
lExteiided 

T'H" 

r^/WAAAAAriAnnr 

Eiu. 92. Details of Constriction — 
Foster Superheater. 
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Steejcgain^-H 


large surface. The protection afforded by this external covering is ample 
to prevent damage from overheating during the process of steam raising, 
and flooding devices are unnecessary. The tubes 

^ are double, the inner tube serving to form a thin 

annular spacer through which the steam passes as 
I indicated. ( aps an*, provided at the end of each 

i clement for insp(‘(;tion and cleaning purpos(\s. P'oster 

^ superheaters are more costly than plain-tube sUper- 
heaters, but an^ loiig(*r-lived and offer a much larger 
^ heating surface in pi-oportion to th(* space occupied, 
y I Figure 93 shows a vert^ical section through a Foster 
Radiant tteat Superheater. This superheater is 

J B placed so as to form a, pari of one of the walls or 

j roof of th(* combustion chamber, absorbing heat, in 
i this position, by radiation from th(' fire*. Each cle- 
l merit of this type of super heater consists of a seam- 
less ste(*l tul)(* to the outside* of which heavy cast- 
iron lings an* snugly fittexl, th(^ individual ring 
having a flattened side exposed to radiant heat. 

. A steel casing back of iho elements foi’ms a solid 
J wall, and the space between the casing and 
I the elements is filled with insulating material. 

] “ Shadow bri(;ks are plac(*d between the elements 

i when it is desired to cut off some of the radiant 

I energy. In the more recent designs, the shadow 

^ bricks betwecui ad j accent elements have been dis- 
pensed with, so that the 
radiant-heat absorbing 

'Rolnforciiiff angle 

surface forms a complete ^pnTO 
metal wall. The Rcneral ■ 

IT, o, T.W u Piactu-o IS to install a • ■ f^:L b..i 

Fig. 93. foster Ra- stage super- 

diant Heat buper- ■ , i 3 mn.i... .t..i t.b.. 

heater-SideEleva- heater of the single loop . a 

tion. type, thereby obtaining , 

from 100 to 150 deg. fcx-ygfQ 

Shadow brick 

fahr. of superheat in this stage of the super- 

heater. The further rise of temperature is then " ^ 

obtained in the second or radiant stage of Superheater - Cross 

the superheater. (See Publication No. 24-74, Section. 

N.E.L.A.) 

The Schwoerer superheater, which is somewhat similar in external ap- 
pearance to the Foster, differs from it considerably in detail, the heating 


Bknd-hole } 

plug I 

/ Outlet i 

__ / header _|x 


I^Expandcd joiii^p. 


'Reinforcing angle 

bolted to cast Iron 
I I Itil every eighteen Incfaei 


im 


Fig. 93. Foster Ra- 
diant Heat Super- 
heater — Side Eleva- 
tion. 


CoHl-lrun radiant boat 
* abaorbuig aurfaco 
ahruok on ateel tube 
SeaniloBB ateel tubei 


Fig. 93fl. Foster Radiant 
Heat Superheater — Cross 
Section. 
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surface being made up of suitable lengths of cast-iron pipe ribbed outside 

circumferentially and inside' longitudinally. The ends of the pipes are 

flanged and connected by cast-iron II -bends. The intention is to provide 

ample heating surface inter nally and externally, 

with a compact apparatus. This superheater ® 

design was at one time extensively used in 

Europe, i)aiticulai‘ly in Se)uth (je'rmany, but 

is now practically ahanelemeal. It was de- ^ 

veloperl when cewnparative'ly le)w jne'ssures were 
used, bee;ause it was thought that a stevl tube 
was not safe^ for use with steam in lie)t tern- 

perature zemes. It is now, he)weve'r, univer- ^ ' 

sally recognizenl that the* , erxfling ac-tion of I 

steam flowing through a pipe is sufficient to 1 

protect the' steel tube at gas teniperature up supcriuixter ^ 

to 1500 and IGOO ek'g. fahr., anel ne) special 
protection is reepiired. 1^ 

Figure 95 shows the a])i)lie*ation of a Heine ^ V 

superheater to a Herne' bejiler, illustrating the 

installation of a supe*iheate'i within the^ boiler Pxej.94. Installation of Foster 
setting but entirely se'paiate'el fiom the main Radiant Heat Superheater, 
gas passages. The sui)erheate'r consists essen- 
tially of a number e)f 1 1/2-in. seamless steel tubes, bent to U-shape 
and expandeel into a he^ader box of the sarnrt type of construction as 



Fin. 95. 'Tleane” Superheater Installed in Heine Boiler. 


the standard Heine boiler water-leg. The interior of this box is divided 
into three compartments by light sheet-iron diaphragms, so as to 
deflect the current of steam through the tubes. The superheater 
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chamber is located above the steam drum as indicated. The gases 
of combustion are led to the superheater chamber through a small flue 
built in the side walls of the setting. A damper placed at the outlet of 

saturated Superheatea ^^e fluO (Xmtrols the floW of gaSeS 

^/nie™ ouuS rc'giilates the degn^es of siiper- 

heat. No provision is necessary 

flooding the superheating coils 
f ^ r since tlu^ gases may be entirely 

1 1' diverted from the heating surfa'pe. 

I * I ■ Sootaceiimiilationsarereadilyte- 

iL -J moved liy introducing a soot 

T • CiXJ-Iiir” blower through the hollow stay 

• ' ' ■ ■ niii A modern, separately fired super- 

Furnace -4'^' liGiAtor is illustrated ill FiR. 9(). The 

— steam enters th(‘ superheater at 
® I (I and flows through the lowest 

_ I I pipe of the units, so that the 

hott(\st gas comes in contact with 
Fia. 96. Elosco iTidopcndently Fired units where the 

' steam t('mperature is the coolest, 

and where the steam in most ses still contains some moisture. 

The units are thus protected against overheating. Tlui steam flow in 
this part of the superheater is in H.ph- 

proHMUre 

the same direction as that of the Exhaust Stenm Inlota 

gases, but owing to the great tein- 


t*:- :-0 


Fia. 96. Elosco Indopcndently Fired 
Superheater. 




Exhaust Steam Inleta 
^High-presNurc steam to E 


I Low-preusuru auperhemtera 


perature difference between the gases ||— JsD 

and the steam the heat absorption is V ! ! 

still high. In the second section, 5j|||||li N 

the steam flows in the opposite direc- 2 S — , 

tion to the gas, so that the heat J 1 fl || 

absorption here is the highest pos- '^cj ( 

sible. Where the gases leave the super- r 

heater, the temperature of the steam ^ ^ * 

is still comparatively low, and the HighpreBauroupcrheater. 

gases are cooled sufficiently to secure High- and Low-pressure 

(.,1 ‘ li “Elesco’^ Superheater, 

a high efficiency ot the superheater. ^ 

The superheated steam leaves the superheater at “ h.” This arrangement 
permits of low flue-gas temperatures and high steam temperatures with- 
out subjecting the elements to the severe action of the heat. The design 
of headers and joints is the same as that of the Elesco Integral Super- 
heater. 


Hlgh-presflurc auperheaten 


Fig. 97. High- and Low-pressure 
“Elesco’^ Superheater. 
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Figure 97 shows a low- aucl a high-pressure Elosco superheater located 
at the rear of a returii-tuhular boiler. The high-iuessurc steam, 100-lb. 
gage pressuj’e, is superheated about 150 deg. fahr. and the exhaust steam, 
15-lb. gage pressure, is siiperlK^ated to 400 d(‘g. fahr. The sup(nheating of 
exhaust steam for eertain indiistrh's is prodiu^tivc' of mark('d fuel economy. 
See Textile Plant Sui)erh('at Exhaust Steam for Proe('ss Work,’^ Power, 
June 20, 1922, p. 9(15. 

96. Materials Used In Construction of Superheaters. — In station- 
ary practice, the suf)erh(\ater tubes and headers are ordinarily constructed 
of mild steel. Th(i tubes are seaml(\ss drawn, No. 12 to No. 8 H.w.g. in 
thickness, and from 1 to 2 in. in diameter. The tubes are bare except in the 
Foster design. In the latter, they are protected by cast-iron sleeves as 
shown ill Fig. 92. The hemUn's are made of extra-heavy steel pipe or 
steel boxes of rectangular cross section. In locomotive and marine prac- 
tice the use of cast steel or high-grade cast iron predominates in header 
construction. On the continent, cast-iron is used extensively for this 
purpose. 

The effect of temperature on a number of ordinary commercial metals 
is shown in Fig. 98. It will be seen that th(^ tensile strength drops off 
very rapidly for tempei’atunvs b(\vond (>00 deg. fahr. Because of this 
rapid decrease in tensik^ strength of materials with th(‘ increase in tem- 
perature, high-]jressur(' steam is seddom supcndieatcil to temperatures 
above 850 deg. fahr. Rci'ciit devcdojiment in the manufacture of electric 
steels has producc'd casti stc'el as strong at 1200<leg. fahr. as the ordinary 
steel at 900 deg. and the yield points also carry the same relation. {Power, 
May 1, 1923, p. 090.) 

Properties of Metals at High Temperatures' W. S. Morrison, Tnins. A.S.M.E., Vol. 
42, 1922. 

The Effect (f High TemjKratures on the Physienl Properties of Some Metals and 
Alloys: The Valve World, Jan , 191i, piihli.shed by the (’ranc) C’ompany, Chicago. 

It was thought that (!ast-iron valves showed permanent increase in 
dimensions under high superheat and that in numerous instances they 
were supposed to have failed altog(‘th(‘r, but sufficient data are not avail- 
able to prove the unreliability of cast iron if the iron mixture is properly 
compounded and the necessary provision is made for expansion and con- 
traction. As a matter of fact, the behavior of cast iron in connection 
with high temperatures depends entirely upon the composition of the 
metal. In cast iron with a considerable amount of silicon, the carbon 
remains un combined, as the silicon has a tendency to combine itself with 
the iron, driving out the carbon. In such cases the carbon is contained 
in the iron in the form of graphite and the structure of the material is 
weak. 
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It may bo noitMl that cast iron is made up of approximately 93 per cent 
irdh and 7 per cent other elements by weight, but iron is so much heavier 
than carbon, silicon, etc., that by volume it is 09 p(u- cent carbon and 31 
per cent of the other materials. The great amount, by volume, of un- 



combined carbon is the cause of the deterioration of cast iron at very 
high temperatures. The lower the silicon content, the greater the amount 
of carbon that becomes combined with the iron, the more homogeneous 
is the metal, and the better it can withstand high temperatures. It is, 
therefore, now an established fact that the better grade of cast iron can be 
used for highly superheated steam without any bad effc'ct, and that fittings 
made of low-silicon cast iron are giving satisfactory service with highly 
superheated steam. Notwithstanding the claim that cast iron properly 
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compounded is a jHirfoctly r('lial)le metal for fittings, engineers are incluied 
to use cast or forged steel, iit least for high pr(\ssui(' and tcMiiperatures. 

97. Extent of Hupcrlieatlng Surface. — Th(^ r(Hiuij(‘d extent of super- 
heating surface for any proposc^l installation depends upon: (1) the de- 
gree of superheat to !)(' mainlaiiual; (2) the velocity of the steam and gases 
through the sii])ejheal(‘r; (3) the character of tli(' superheater; (4) the 
weight of steam to bc' supcaheatcal; (5) the moisture in th() wet steam; 
(G) the weight, composition, and temj)erature of the gases entering and 
leaving the superh(\it(‘r; (7) the conductivity of th(' material; (8) cleanli- 
ness of the 'tubes; (G) design of su])erheater, or manner in which the gases 
pass over the heating surface^, and location of the supcndieater. 

Since the heat absoihed by the steam in the superhc'ater is equal to 
‘that given up by the products of combustion, neglecting radiation, this 
relationship may be expresseef 


SUd = Wc (b - f.) (54) 

in which 

S = sq. ft. of superheating surface per boiler horsepower (b,hp.). 

U = mean coefficient of heat transtnission, B.t.u, per sq. ft. per hr. 
per deg. diffei’once in temi)eratur('. 

d = mean temperature differeiKH? betw^(‘en th(^ steam and heated gases, 
deg. fahr. 

W = weight of gas(‘s j)assing through the superheater per b.hp.-hr. 
c = mean specific h(^at of the gases. 

h = lempcn’ature of the gases entering sui)erheater, deg. fahr. 

<2 = temperature of the gases leaving superheater, deg. fahr. 

Transposing equation (54) 




Wc (U - t.) 
lid 


(55) 


The heat transfer from the products of combustion to the steam may 
also be expressed 


J^Ud = wc' {ts — /) (56) 

in which 

w = weight of steam passing through the superheater, lb. per b.hp-hr. 
c' = mean specific heat of the superheated steam. 
ts == temperature of the superheated steam, deg. fahr. 
t = temperature of the saturated steam, deg. fahr. 

"S, Uf and d as in equation (54). 
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For wrought-iron or mild stcol tul)os, V varies as follows: 

U = 1 to 3 for superheat(‘rs loe.ated at the end of the heating surface. 

= 4 t o S for superlu'aters located between the first and second pass 
of water-tube boilers. 

= 8 to 12 for supc‘rh('ate]s located immediately above^ the furnaces in 
stationary boilers, in the smoke box of locomotive boilers, and 
in separatc'ly fired furnaces. 


Fig. 99. 


' - .1 -I I I I 

WJutcr HcutinK Surface, 10,570 Stj. l*t. 

150 175 :!00 L*25 1150 275 21 

Per Cent Normal Boiler Uatin(jr 

Coefficient of Jlcat Transmission - 
" Elesco” Superheater. 


The above values are only averages for standard v(Ttical-pass boilers 
as they were built a few years ago. The value of U (changes considerably 

with the velocity of th(‘ guises, 

I 16 - > which means that it changes 

"S « 14 . , , — •, rating. The 

I E Jq pT(\s('nt tende ncy is to design 

H - J • I I boilei‘s so that the' gas velocity 

^ Water HcutuiK Surface, 10,570 Stj. l*t. . i i i p 

1 00 ' ' ' Jo ' 17 » ‘ lioo ' ' J l mcrcast's t,owiu-(ls Ihd end of 

Per Cent Normal Boiler Katinp boiloi’, aild tllC aboVO flgUreS 

Fig. 99. Coefficient of Jlcat Transmission — -ii i ■ i j 

„ , , , ^ will lie mert^ased correspoiid- 

' Elesco Siuperheiitcr. . ' 

iiigly. higure 99 shows values 

of U obtained at different ratings in actual opc'ration with a Stirling 

type boiler of about 1000 hp. Figure 100 shows th(^ femjxM’ature range 

of th(^ hot gases entering superheaters for various piuecmtages of boiler 

heating surface^ passed over before ^ 

reaching the superheater coils. | ^ A 

Equations (55) and (56) are only of g|iioo - — — 

academic value*, since maiiutacturers i , 

of superheaters are more dependent - j- 

upon experience and judgment than Etu-H) - - -1- -j/-— 

upon mathematical analyses. . j 

‘ In accordance with recent practi(!e, S | — ■ ' ! 

1 1/2 to 2 sq. ft. of surface per b.hp. 

is allowed for superheiaters located 

between the first and second passes, | cool — i — 1 1 — i — i — J 

and from 3 to 4 sq. ft. for super- BoUor HeSln^lSiface Use^ 

heaters located at the end of the LcIoho Reaching superheater 

boiler heating surface, for superheats Temperature Range of Gases 

<. T X 1 r 1 11 biiperheater.< 

from 100 to 150 deg. fahr., boiler pres- 
sure about 150 lb. The nearer the superhoater is located to the furnace 
the smaller becomes the heating surface, and 3/4 to 1 sq. ft. per b.hp. is 
not a rare occurrence. 

The Power Specialty Company allows 6 B.t.u. per linear foot per degree 
difference in temperature for their “two-inch” “Foster” element where 
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the average temperature of the gases is about twice' the mean temperature 
of the steam. 

For all engineering purpose's, d may be determined with sufficient 
accuracy from the relationship 

d = {h + h)/2 - (ts + 0/2 (57) 

Notations as in ee^uations (55) and (56). 

An em})irieal formula for eletermining the extent e)f superheating sur- 
face in coi^iieed/ion with inelirect siiperhe'aters, whie’h appe'ais te) give 
satisfactory results for supeilu'-ate'rs plae*,eel be'tween the fii\st anel seconel 
passes of vertically baffle'd wate'r-tube boilers, has be'e'ii de'veloped by 
, substituting the^ following values, 

U = 3, d = V- if, + /)/2, w = 30, c' = 0.5, 

in eciuations (56) and (57) (J. F. Re'll, Troris. A.S.M.E.^ 20-267). 

Thus: 

SX3 [t' - its + 0/2] = 30 X 0.5 X (0 - 0 (58) 


from which 


10 (/. - 
2V - (s- i 


(59) 


the iiK'an temperature of the product of combustion where the 
superheater is located, may be approximated froni equation: 

1 -- (^ - 0°'^® = 0.172 II + 0.294 (60) 


in which 

H = the proportional part of boiler-heating surface between the point 
at which the temperatun' is t and the' furnace. 
t as in equation (56) . 

Equation (60) is based upon the assumption that the heat transferred 
from the gases to the water is directly proportional to t h(^ diffei ence in tem- 
perature; that the furnaeelemperature is 2500 deg. fahr. ; flue temperature 
500 deg. fahr.; steam pressure 175 lb. per sep in. gage; 1 b.hp. is equiva- 
lent to 10 sq. ft. of water-heating surface; and that there is no heat ab- 
sorbed by direct radiation. It is, however, prescuit practice to subject a 
larger amount of the boiler-heating surface to radiation, in order to de- 
crease the furnace temperature with a corresponding decrease of the 
maintenance of the furnace brickwork. This fact must be taken into 
consideration in figuring the surface of a superheater. 
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Example 22. — Wluit ext(^Tit. of iK^atiiis surface is n(^cessary to super- 
heat saturat'd steam at 175 IL.-pi^e pressure, 200 deg. fahr., if the super- 
heater is jdaci'd iu th(' })oiler s('ttiiig where the gases have already traversed 
40 per cent of tlu^ water-heating surface? 

Solution. — Substitute H = 0.4 and i = 378 in ecpiation (60) 

1 -- (r - 378)0-16 = 0.172 X 0.4 + 0.294 


from which 


Substitute'! 


t' = 950 

L' = 950, — 578, and t = 378 in eciuatioii (59) 


10 (578 - 378 ) 
^ 1)50 - r )78 - 378 


2.12 sq. ft. 


Figiiro 100 kIvos th<^ iii()hiil)l(‘ tomporaturc' ranRo of gases entering 
superh('at('i’ aftei' pas.sing ovei' a giv(ai j)e)' ccait of boiler-heating surface. 

Relfitiou hehwi’ti (Xh Superheat: Hoport" of Prim*' Movor.'^ (’onuiiitUH;, N.E.L.A., 
1923, Part B, p. 2r,l. 


Spritifrfmld Hollar, lH,9Ui)Sq Ft 
Fileaco SuncrheBler, 2,1 Ifi Hq. Ft 
Furnace Volume, 7,H00 Cu Ft, 



98. Performance of Superheaters. — Th(^ factors iiifliK'ncing the per- 
formance of superh(‘at('rs are so numerous and so variable', that general 
data for purpose of (k'sign are of little value unless all of these factors are 
given full consideration. If the (combined boiler and superheater effi- 
ciency w('re constant iiTesp(?ctiv(' of the boiler (capacity, the ratio of gas 

weight passing ov(‘r the super- 
h(‘ater surfaces to steam weight 
passing through the super- 
lu^ater tubes, as well as the 
ratio of gas to steam velocity, 
would be constant at all loads. 
Under such conditions, the 
sup('rh('at would be approxi- 
mately constant at any boiler 
rating developed. In the 
modern high-set boiler, in which the furnace volume, grate surface, and 
heating surface have Ix'cn properly co-ordinated, the overall efficiency is 
approximately constant over a wide range in capacity, and as a result the 
superheat is also approximately constant. A typical performance curve 
is shown in Fig. 101. In general, however, as the capacity increases, the 
weight of steam flowing through the superheater coils increases almost in 
direct proportion to the capacity, while the weight of gas passing across 
the superheater surface increases at a rate inversely to the efficiency at 
various capacities, the weight of gas per lb. of fuel burned remaining con- 
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Fig. 101. 


Performance of Supcrlieater Located 
Between Tube Decks. 
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stant. This results in an increased heat transfer rate betwc^en tlu' pis and 
steam. There is also an increase in teniperat iir(' difference* between the 
gas and steam, so that the coml)ined effect is to iiuai'iise the sui)ei’heat 
as the capacity is increased. This is shown in the* curves of Fig. 102, 



Fifj. 102. PcrfornijiiK ‘0 of Siiporhoator LocjiU'd id Kiul of l^’irst Pass. 


This relationslii[) betvvec'ii superheat and capacity will vary widely even 
with a given fuel and a givcai set of combustion conditions, with various 
designs of furnaces, stokers, boil(*rs and sup('rh(*aters. The variation in 
superheat is dependent not only on the ratio of the sup(‘rheater surface to 
boiler surface, 
but upon its loca- 
tion with respect 
to the boiler sur- 
face, the action 
of the flame from 
the fuel bed, th(3 
temperature of 
combustion, and 
the kind of fuel. 

The influence of 
the kind of fuel 
on the superheat 
at various boiler 
ratings for diff(*r- 

ent fuels and meihods of firing is shown in Fig. 103. In P^igs. 101 to 103, 
the superheaters are not exposcnl to radiation from the fuel bed. 

Table 31 (taken from Mechanical Erujrg, Oct. 1921, article by H. B. 
Oatley) indicates the saving obtained from a superhc'ater installation in a 
railway power plant. As might be oxpec^tcMl, the savings arc* high be- 
cause of the extremedy poor perfomiance of the engines with saturated 
steam. 

Effect of Superheat on Boiler Performance: Power, Aug. 14, 1923, p. 259. • 



Firing on Sn[)erlie;ii. 
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TAHLE 31 

TESTB MADE UWDElt ACmJAE Ol’EHATiNG CONDITIONS 
Saturated Superhealed Steam 


Total coal consumed, ]h. 

Steam consumption, lb. . 

Average steam pressuK' of boilers, lb 
Average load on Corliss eng., i.hp. 
Average load on Woodrnill eng., i.-fip 
Average load on electric generator, k\v 
Revolutions of air compressor, total 
Boiler horsepower. 

Per cent rated capacity developed 
Temperature of feedwater, deg fahr 
Heat value of 1 lb. of coal, B.t.u. 

Deg. superheat, mam header. . 


Duration of Teats, four hrs. each 


Saturated 

Steam 

Superheated 

Steam 

InrreaHe 
Per Cent 

Decrease 
Per Cent 

9316 

6827 


'26 7 

67500 

46000 


20 0 

118 0 

115 0 


2.5 

43 0 

4;5 6 

1.4 


43.2 

42 8 


0.9 

56 7 

56.8 

0 2 


26590 

26630 

0 1 


386 

336 


i2.9 

107 0 

03 3 



212 

207 


2.4 

13510 

13190 

163 


2,4 



(U 6,861 Sq Ft Edgemoor Boiler. 1S20 Sq. Ft Foster Superheiiter, 
Taylor Stoker, Uiiunilnoua & Sub-bituminoua fuelm. 

(2) 11,860 Sq. Ft. B. & W, Boiler, 3,863 Sq Ft. B & W. Superheater, 
Feubody Mech, buriiura, 

(3) D,H72 St). Ft. Edftemoor Boiler, 1620 Sq, Ft, FoMor Superheater, 
Leahy Burners, Dutch Oven, Front Shot. 

(4) Ditto, Flush Front, Roar Shot. 

(G) 6,000 Sq. Ft. B. & W. Duller, 1,277 Sq. Ft, B. ftW. Superhaater, 
Dunmei Burners, Rear Shot. 

Fio. 104. Variation of Superheat with Rating. 


Tests were made aljout two weeks apart and with flues in approximately 
the same condition. 

Some idea of the ratio of superheater surface to boiler surface for a 
number of wcU-known central stations is given in Table 32. 
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TABLE 32 

MODERN SUPERHEATER INSTALLATIONS 


Station 

Type of 
Boiler 

Pros- 

hiirc 

Tem- 
pera - 
lure 

Boiler 
IleatuiK: 
Siirfnrp, 
Sq. I'’t. 

Super- 
heat ing 

S 111 fare, 
Sq. Ft. 

Hatio 
s n.s. 

to 

B ll.S. 

Barbados’ 

Springfield 

300 

625 

16,800 

1680 

0 100 

Calumet 

B. & \V. 

1200 

750 

15,750 

2120+ 

0 134 

Do 

H. & W. 

350 

()25 

15,080 

4052 

0 270 

Crawford 

B. & W. 

575 

725 

11,676 

5040 

0.330 

Cahokia 

B. & W. 

300 

640 

18,010 

4070 

0 225 

Colfax 

B. & W. 

275 

650 

to 

1 

5640 

0 204 

Grand Tower ... 

B. & W. 

400 

.735 

11,500 

2250 

0 194 

Kearney 

B. & W. 

3S5 

680 

23,600 

4130 

0 183 

Northeast 

Heine 

2S0 

650 

12,743 

5748 

0 450 

Marysville 

Stilling 

300 

700 

28,212 

3160 

0 112 

Hell Gate 

Spi ingfield 

300 

600 

18,000 

21.35 

0 113 

Philo 

B. & W. 

650 

750 

M.OMC) 

2427 

0 173 

River Rouge 

Ladd 

225 

(>00 

26,470 

3000 

0 113 

Springdale 

B. & W. 

350 

700 

16,306 

2787 

0.170 

Waukegan 

B. W. 

400 

700 

14,086 

2460 

0.175 

Weymouth 

B. & W. 

425 

700 

10,743 

2036 

0.148 

Do 

B. & W. 

1200 

7(X) 

15.730 

2023t 

0 186 


* Primary Superheater, HOfondury Hiipurhealcr IJ3()0 Hq. ft. 


t Primary Superheater, Hecoiidury Huporlioater 5938 wq. ft. 


PROBLEMS 

■ 

1 . A boiler unit generates steam at 250 lb. abs. pressure, superheat 300 deg. fahr. 
from a feedwater temperature of 210 deg. fahr. What percentage of the fuel burned 
is required to superheat the steam? Neglect all losses. 

2 . The average temperature of the jiroducts of combustion sweeping past a super- 
heater is reduced from 1000 to 800 deg. fahr If 12 lb. of gas are i)roduced by each lb. 
of fuel, how many lb. of steam are sui)erh(*at(^d from saturation to a final temperature 
of 600 deg. fahr. for each lb. of fuel burned? Steam pressure 150 lb. gage. Neglect 
all losses. 

3 . Required the mean temperature of the i)roducts of combustion passing through 
a superheater of 3815 sq. ft. of heating surface if 66, ()()() lb. of steam are heated from 
saturation at 265 lb. abs. to 250 deg. fahr.; mean coefficient of heat transfer, 5; lb. of 
gas per lb. of steam, 2. Neglect all losses. 

4 . Approximate the s(p ft. of Superheating surface necessary to superheat 10,000 lb. 
of saturated steam per hr. at 200 lb. abs., to 550 deg. fahr., if the superheater is placed 
between the first and second yiass of a vertically baffled water-tube boiler where the 
gases have already traversed 35 per cent, of the water-heating surface. 

5 . A 200-hp. boiler, rated at 10 sq ft of heating surface per b.hp., generates steam 
at 135 lb. gage pressure, superheat 100 deg. fahr , feedwater temperatun’ 160 deg. 
fahr. when operating at 200 per cent rating. If the average temperature of the gases 
sweeping past the superheater is redinied from 850 to 700 deg. fahr., what is the ratio 
of superheating to water-heating surface? Use algebraic mean temperature difference 
and assume U = 3. 




CHAPTER VI 


BOILER SETTINGS, FURNACES, STOKERS AND 
FUEL BURNING APPLIANCES 

99. SettlnKs. — Jntmmlly fir(‘(i boilers and fiirnaecs are K'^'rally solf- 
eontainod and recjuii’t' no s('i)arate enclosiiifj oi' sii|ij)oj'ling stj'ucture 
other than a suitable foundation. I'lxternally firc'd Ijoilei's, on the other 
hand, recinirc' a setting n])on which the boiler may i'(‘st or within whi(;h it 
may b(' indc'pendently supported by steel framework. The essentials of a 
boiler setting are a him foundation to jnxwent settling and cracking of the 
walls, i)rop('r dtstribution of masonry and steel work, adequate furnace 
construction for maintaijiing efficient combustion and withstanding the 
stresses due to tempcMature variation, suitable' baflling for obtaining 
maximum heat absorption and minimum draft losses, and insulation 
against heat losst's. The* .structural sten'l woi'k, inclutling metal boik'r 
fronts, inspection doors and frame's, anel eether .stre-ngthi'ning anel staying 
devices, are' usuidly furnishe'd with the boih'i', but the' stoker anel masonry 
constnictiem eire ge'ne'rally iiistalle'el inele'ix'nelently, but subject, of course, 
to the boiler design. 

Water-tube boilers are usually uspe'ude'd from ste'ed we)rk independent 
of the se'tting, so that the brie'kwe)rk sui)ports ne) le)ael other than itself. 
Return-tubular boilers unele'r 78 in. in eliameteer ai'C freepie'ntly supported 
by side brae'.kets eer lugs re'sting directly on the brickweerk, but the larger 
sizes are invarieibly suspende'el from sten'l beams. Fig. 30. The suspend(!d 
type is by fai' the better sin('.(', by its use, the boih'r is fre(' to expand and 
contract without disturbing th(' brickwork, and tlu^ trouble of brickwork 
cracking, air leakage' and boiler settling is reduced to a minimum. In 
some of the latest iiLstallations, horizontal return-tubular boilers arc 
erected with steel-incas('d settings — the barrel, or steam-boat, and the 
box type. In the former the steel jdate casing beyond the bridgewall is 
semi-circular in shap(', conforming to the outline of the boiler shell; and 
in the latbn-, the oidline is that of the standard setting. The steel casings 
are lined with a lay('r of fire bri('k and a layer of common brick, with a 
thin layer of insulat ing material next, the casing so that heavy brick walls 
are unnecessary. This type of setting is perfectly air tight and reduces 
air leakage losses to a minimum. 

The side and end walls of a boiler setting should never be less than 12 in. 
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thick and should l^o constructed preferably of bri(‘kwork, though con- 
crete has been used in some low-pr(»ssure installations. Ordinai’ily the 
outer walls are built of well-burned red brick, and tli(' iniua' surfaces, in 
contact with the hot gases or exposed to the ilaine, are laced with fire 


Bpecial j 
Bonding 
Tile 


Carborunduml 
Brick " 






ET 


J 


'Cuiimiun 

Unck 






H - in 

Mill t 

Muard ^ 

10 n W.G 
i I’late 

Ashc<<to 9 
Mill Board 

Sil O Ccl 
SUel I’lalf 


-!U 




Fiirniirt’ 

Brick 


Unck Tich 
jJlLvciy nil 
CoLirric 


I- 

„l 

J 




FifJ. 105. FiXnniplos of MocUm-ii Hoilrr Side-wall Construction. 


brick capable of withstanding the high ((‘injKa'atun's. In large stoker- 
fired or oil-fired ))oilers, the furiauH^ temiH'ratiires ar(‘ very high and 
solid fire brick or composite walls of various combinations of brickwork, 
refractory material, heat-insulating coverings and steel jackets are crii- 




Fig. 100. Examples of Modern Boiler Front-wall Construction. 


ployed. There is no general ])raetice, and (‘aeh installation is designed 
to meet the particular conditions involved. Sonu^ idea of the various 
combinations for large boiler units may be gained from an inspection of 
Figs. 105 and 106. Furnace walls, inniK'diately above the fuel bed, are 
frequently safeguarded and the lining preserved by proper ventilation. 
This may be effected by the use of special perforated iron blocks, or re- 
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fractorics, or by means of water-circulating pipes or water boxes installed 
in the side walls immediately above the grate surface.* 

The arched construction, forming the roof of certain types of furnaces, 
is commonly designated as the furnace arch, Fig. 129; that immediately 
over the fin^ bed, if independent of the roof, the ignition or coking arch, 
Fig. 107; and that located beyond the bridgewall, the deflection arch, 
Fig. 116. Ignition arches, as the name implies, are for the purpose of 
igniting the fuel, and deflecting arches act as mixing devices. In some 
of the modern high-set boil(‘rs, equipped with underfet^d stokeri^, no ai^hes 

are recpiired, whiles in certain 
classes of hand-fired furnaces 
both ignition and deflection 
ijrches are in i)e found. These 
arches are either of the sus- 
pended, Fig. 107, or sprung, 
Fig. 120, type, and are in- 
variably constructed of high- 
grade refractories in power 
boilers, and occjasionally of 
wat(!r-box construction with 
refractory lining in low-i)res- 
sure heating boilers. Ventila- 
tion of arches subjected to 
high temperatures is of great 
importance; without proper 
ventilation, the steed supports in the* suspend(*d type will become over- 
heated and the refractories in the sprung type will sag and fall. 

The partitions plac^ed among the tubes of water-tube boilers, for the 
purpose of directing the flow of the hot gases, are generally known as 
baffles. These baffles may be at right angles to th(^ tubes, Fig. 122 
(vertical baffles), parallel with the tubes (horizontal baffles) Fig. 95, or 
inclined, Fig. 412. They are constructed of cast-iron plates lined with 
refractory material, specially shaped fire tile or plastic refractory cement. 
Baffles should be air-tight and yet permit of tube removal, and should be 
arranged so that the tubes will receive the full scrubbing action of healed 
gases without short-circjuiting. Dead spaces and pockets where soot may 
accumulate should b(^ avoided, except, of course, where such pockets are 
installed for the purpose of collecting th(‘ refuse. The number and position 
of the baffles have a marked influence on th(^ boiler efficiency, but there are 
so many factors bearing directly on what constitutes the proper installation 
that it is impossible to set any fixed rules. The arrangement of baffling 
in a number of modem boiler installations will be foimd in this chapter. 

*Watcr-Cooliid Furnaces: Mcch. Engrg., Mar. 192^, p. 197. 
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10-4''. iial«ry valvi'q 


is^cota- 


100. Furnaces. — The efficient combustion of fuels for steam genera- 
tion depends chiefly ui)on the correct design and proper operation of the 
furnace. For each fuel and s(‘t of operaibig conditions, thoro. is a boiler 
and furnace equipment Avhicli will give the best ic^turns on th(' invest- 
ment, but the variables involv(‘d are so numerous that, ('ach installation 
must be considered l)y its('lf. Whatever maij he the nature of the fuel or the 
conditions of operation, for complete and efficient condmstion, the furnace 
must he constructed and operated in such a manner that the cotnbustible gases 
will he brought into intimate contact 
with the proper amount of ai}\ and 
maintained at a temperature above 
. the ignition point until oxidation 
within the combustion zone 
plete. 

For highest ht'at efficiency, th(' 
temperature of combustion should 
be the maximum that can be 
maintained, but the brickw^ork 
employ(Hl today will fail if sub- 
jected to th(^ full temperature 
available with most fuels. In fur- 
nace design, therefore^, either sonit^ 
heat efficiency must be sacrificed 
to maintain the furnace^ biic^kwork 
and keep the cost of rfq)airs within 
reasonable limits, or thc' temp(u*a- 
ture of the walls must be kept 
below the danger point by expos- 
ing a large portion of iha boiler- 
heating surface to direct radiation 
and by artificially cooling the re- 
fractories. 

Furnaces for burning oil, gaseous 
and powdered fuels are oj" the simplest construction, sincci the fuel is of 
such a nature that it can be intimately mixf'd with the required amount 
of air and burned in suspension. Th(i dominant factors are furnace 
volume and length of flame travel. 

Furnaces for burning coke, anthracite, and other low-volatile solid fuels 
require no special provisions for a combustion chamber, except for high 
boiler ratings, since the fixed carbon of which they are largely composed 
is burned on or near the grate. Some combustion space, of course, is 
necessary to provide for mixing the air with the CO rising from the fuel 



’Walcr-couli.ii 
clinker ^Indt-r 
Grail! Arua, 40;i Sq E't. 

108 . 


Fkj. 108 . Boiler and Furnace Equipment 
— Colfax Station, Duquesne Light Co. 



210 


STEAM POWER PLANT ENGINEERING 


bed. The gre^ater the volatile content, the larger must be the combustion 
space, but th(^ increase is not directly proportional to the volatile content. 

Bituminous coal and other finds high in volatile combustible matter 
require considerable furnace volume, because' a large amount of the 
volatile combustible must be burned above the fuel bed. 



Fia. 109. BoiU^r Unit No. 4 — Delaware Power Station, Philadelphia Elec. Co. 


In burning high-volatile coals, the furnace should be so designed that the 
distillation of the volatile matter takes place at low temperatures. This 
favors the formation of light hydrocarbons which are more apt to burn 
completely without depositing soot than the heavier compounds distilled 
at high temperatures. Slow and uniform heating of the coal, which causes 
a large part of the volatile matter to be distilled at low temperature, and 
distillation of the volatile matter in 'presence of oxygen^ are the conditions 
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productive of smokeless coinhustion. These conditions are fulfilled by the 
mechanical stoker. On the other hand, in the hand-fired furnace, dis- 
tillation usually takes place at high tcnnperat ures and in almost entire 
absence of oxygen, resulting in the production of soot. 

When a fresh charge of high-volatile coal is fc'd into a hand-fircHl furnace, 
an enormous volume of volatile matter is evolved. I^'or (complete com- 
bustion, a corresiKjiiding amount of air must supplied and intimately 
mixed with the volatile gases belbi^^ the}^ leave the combustion zone. 
This reciuiijement for variable air supply makes smokeless and economic 
burning of soft coal difficult. Fuinatv voluiiu' alone will not givci efficient 
combustion, (kaiifdete mixture of air with the combustibk' gas(‘s at high 
temperature is the all-important factor. Hi fact, furnace volume is merdy 
a means of eff'eciing good mixtiiri' by lengthening the time of contact of 
gases and air within the j)ro])(‘r zoiu' of combustion. An ex(^(\ss of air 
is recpiired, but th(‘ amount can 1 k‘ small if t he mixing is thorough. 

Furnace volume is defined, by the A.S.M.K. ( Vimmittee on Power Test 
Codes for horizontal rdairn-tubular boilers and wat-ei-tube boilcTS, as the 
cubical contents of the furnace between th(' grates and the first places of 
entry into or between the tubes. It therefore' includes the volume be- 
liind the bridgewall, as in ordinary Jiorizontal rd-urn-tubular boiler set- 
tings, unless this volume is manifestly ineflective, (i.e., iinkvss there is no 
gas flow through it) as in th(i (;as(' of wastx'-heat boilers with auxiliary 
coal furnaces, where one part of th(‘ furnac(‘ is being us('d. T'or Scotch, 
or other internally firc'd boilers, it is the cubical C'ontents of the furnace, 
flues, and combustion chamber, up to th(‘ jilacc' of (aitry into the tubes. 

The furnace volume, for maximum commercial cfficirmcy, depends 
upon the size and character of the fuel, rate of combustion, air excess, 
direction and length of gas travel, method of admitting air*, provision for 
mixing, and so many other factors that general rules based on only a few 
of these factors are without purpose. 

Furnace volunu's per sq. ft. of boiler-heating surface, or per sq. ft. of 
grate surface, have beem increasing very rapidly during the past few years 
for large stoker installation as well as for pulverized coal and oil fuel and 
have now reached relatively enormous proportions. Increased furnace 
volfirne in externally fired stationary boilers is usually effected by in- 
creasing the head room or distancie from the boiler-room floor to the 
bottom of the front header. Ten years ago, vertically baffled boilers of 
the B. & W. type were commonly set with head room as low as 7 ft., while 
to-day 12 ft. is considered none too high, and 20 ft. has been used in 
several instances. In the low settings, the ratio of furnace volume to 
boiler surface is approximately 1 to 10 and in the 20 ft. setting this ratio is 
nearly 1 to 2. The greater the ratio of furnace volmne to boiler surface, 
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the higher will be th(^ overload capacity and the higher the efficiency at 
overloads. But high-set units cost a great deal more than those with com- 
paratively low head room, and the first cost and furnace maintenance is 
much higher. Furthermore^, as the volume is increased, first cost and 
maintenance cost mount steadily, while efficiency increases more and more 
slowly. The curves in P"ig. 110 are of interest in showing the relation 



Fia. 110. Furnace Volumes for Illinois and Pocahontas Coals. 


between furnace volumes and air excess for Illinois and Pocahontas coals, 
for the tests described in Bui. 135, U. S. Bureau of Mines. While as based 
they do not show the exact relation between furnace volumes and rates of 
combustion for the coals in question for all classes of furnaces, because of 
the great variation in practice in direction and length of flame travel, etc., 
they do show that greatc^r furnace volumes are required by high percent- 
ages of CO 2 than by high rates of combustion. See also Table 29. 

Flow of Heat through Furnace Walls: U. S. Bureau of Mines, Bui. No. 8, 1912. 

Boiler Furnace Design' Power, April 17, 1923, p. 613; May 13, 1924, p. 780. 

Stoker and Furnace Equipment: Report of Prime Movers Committee, N.E.L.A., 
Part B, 1923, pp. 126-170; Combustion, Nov. 1924, p. 372. 

Factors in the Choice of a Combustion System: Powel Plant Engrg., Dec. 1, 1923, p. 
1194. 

Refractories Service Conditions in Boiler Furnaces: Power, Jan. 19, 1926, p. 113. 

101. Grates. — Stationary grates for hand-fired furnaces are generally 
made of cast-iron set'.tions in a variety of shapes, as illustrated in Fig. Ill, 
The bars are ordinarily from 3 to 6 in. deep at the center (this makes them 
strong enough to carry the load caused by the weight of the fuel without 
sagging even when the top is red hot), 3/4 in. wide at the top, and taper 
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to 3/8 in. at the bottom to enable the ashes to drop clear. The width of 
the air space is determined by the size of the fuel to be used and the air 
pressure. It is common practice to allow 1/8, 1/4 and 5/16 in. air spaces 
for No. 3, 2, and 1 buckwheat, respectively; 3/8 in. for pea coal, and 1/2 
in. openings for bituminous coal. 

The Tupper and Herringbone gn\te bars are stiller and less likely to 
warp than the common fonii, but ai-e not so readily slicc'd, and thtuefore 
not so convenient with coal that clinkers badly. Sawdust oi- pinhole 
grates are psed in burning sawdust, tanbark, 
and very small sizes of coal, (bates are often 

set horizontally and the bars are held in place Bar ^ 

,simply by their own weight, but long grates M il //////_ 

arc best placx^d sloping tow^ird the rear to _ Tupper Herri n^ one^ 
facilitate firing. The front of the grate, when rA\v!v!v.\\\v\v.v.\'/( Qj 
designed for bituminous coal, is often made saw-dust 

solid, this portion being called dead plate. ^ H-iiul fired Fur 

It serves to hold thc^ green fuel until the naces. 

hydrocarbons hav(‘ beem distill(‘d off, whim 

the charge is pushed back on the open grab' at the tinier of the next firing. 
The length of a single bar or casting should not exceed 3 ft. The length 
of grate may be made of two or thnn^ bars and should not exceed 6 ft. 
with bituminous coal, as this is the greatest hnigth of fire that can be 
readily worked by a fireman. With buckwheat anthracite, furnaces 12 
-T- ft. in dei>ih are not unusual as 

anthracite fin^s require no slicing. 

The disadvantage of using sta- 
tionary grates is that the fire is 
not easily cleaned. Unless the air 
spaces are kept free of clinkers and 
ashes, combustion is hindered and 

„ the firc' rendered sluggish. Fre- 

Fig. 112. A Typical Shaking Grate. x i ■ u ■ x 

quent cleaning, however, is waste- 
ful of fuel and reduces the furnace efficiency by letting in a large excess 
of air every time the fire door is opened. In small plants where larger 
sizeg of anthracite are burned, the plain grate is probably as satisfactory 
as any; the shaking or rocking grate is to be preferred with coals that 
clinker and have high ash content. Anthracite dust, silt, culm, and 
screenings are burned on grates with small openings, and require 
mechanical draft. 

Shaking grates have the advantage of permitting stoking without 
opening the fire door, and require less manual labor than stationary 
grates. There are many types of sectional shaking grates on the market 




Fig. 112. A Typical Shaking Grate. 
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and some of them are made self-dumping. A popular type is illustrated 
in Fig. 112. Each row or s('ction of grate bars is divided into a front and 
a rear series by twin stub levers and connecting rods. An operating 
handler is adapted to manipulate (ather one or l)oth of th(i leavers in such a 
manner that th(' front and r<^ar seri(‘s may opeiate sepaiately or together. 
The shaking movemc'nt cause's no incn'ase^ in the size of the openings and 
hence prevents th(^ waste of fine' fuel. Ordinarily, th(‘ width of the grate 
is made equal to two oi* more rows of grate l)ars, so that the live fire may 
be shoved sidewise' frean one' row te) the e)the‘r whem cle\‘ining. ^A elej^th of 
fire of from (i to 10 in. is earrie'el, aecoi‘eling te) the‘ nature of the fue'l and the 
available draft. Manually e)pe‘rateul ineline'd shaking grates, whie'.h give 
the fuel a progrevssive' forwarci niotie)n, are usually elesignated as hand- 
stokers (see paragrai)h 107). ^ 

Mee'^hanical Ste)kers, seM^ paragraph 108-111. 

102. Plain Furnace and Hand-llred Setting. — This sevcalled “ stand- 
ard ” setting, Fig. 113, is inteuieleel primarily fe)r anthracite and low- 



Fig. 113. Return-tubular Boiler with Plain Furnace Setting; Flush Front. (Not 
Suitable for High-volatile Coals). 


volatile bituminous coals. Thousands of these settings are scattered all 
over the country, and a large number, in the Middle West, are used for 
burning high-volatile bituminous coal. Anthracite and low-volatile bi- 
tuminous coals require the simplest type of furnace, because combustion 
takes place principally in the fuel bed, and, for ordinary rates of driving, 
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only a small combustion voliiine is iicc(‘ssary. For tliis reason the plain 
setting, which is the simplest and cheapest that could bo (U'vised for steam 
generation, gives satisfactory rc'sults with th(‘se fiuds. With high volatile 
coal the furnace is inadequate' and ii. is almost imi)ossi})le to ofH'ratc the 
boiler without the production of objc'ctionable sinokt', ('xcept after the 
volatile matter has bec'ii distilkal from the coal, liuac'ased combustion 
space obtained by raising th(‘ boiler may i)romot(' bedter combustion, but 
the air and cxmibustible gases have' a tendency to flow in parallel streams 
without n^ixing, and particularly so at low rate's of combustion. In or- 
dinary practice, boik'is should be set at a. height above' tlu' dead plate' not 
less than 0.25 of the grate* k'ngth plus the height of the bridgewall. Head 
room alone will not ('fleet sniokek'ss c(jnd)fistion, however; mixing devices 
of some sort are n('C('ssa.rv acjjuncts. 

The installation of this style of s('tting is not. pc'rmitieHl wheae; smoke 
ordinanc'c^s are eiiforcc'd. Fiu'l (‘c.onomy de])ends so itmch upon the 



Fin. 114. Heinf3 Boiler with J’him Jdirna.ee. Hand-fired. 
(Modern Setting for Anthracite Coal). 


correct design of furnace and setting that, even where there arc no re- 
strictions, it is inadvisable to install th('se standard ’’ sc^ttings without 
advice from some competent combustion engineer. 

A modern design of plain hand-fired furnaces, as applied to a Heine 
longitudinal-drum boiler and suitable for burning anthracite, is shown 
in Fig. 114. 
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103. Plain Furnace and Setting with Steam Jets. — The oldest device 
for reducing srnok(^ in the plain furnace and setting is the steam jet. The 
main purpose of the jet in this (‘onnection is to mix th(; air and gases and 
insurer intimate mixture of th(i products of combustion. This action is 
purely mechanical, the steam in itself not being a supporter of combustion. 
The claims sonu^times made that steam increase's the calorific power of 
fuel are, of course', enreme^oiis. Wheni steam conu's into contact with in- 
(3andc\sce3nt carbon it coml)ine‘S with the carbeni, forming CO anel ,CX) 2 , 
anel the H 2 is lil)e!*ate‘eL p]xe;e‘])t in the abseme^e^ of siifficiemt air for Com- 
plete combustie)!!, fiie^ CO and II 2 immeeliately re'ceniibine with the oxVgen 
from the air te) form ('(>2 anel II 2 O. As the heat liberateel by the f\nal 
combustion e>f (X) anel Hi te) (''Oo and TLO, iTspectivedy, is the same\as 
that renjuired to break elown the' H 2 O to (X) anel H 2 , the^re is no gain in 
heat. There are^ conditions, with cx'rtain grates e)f e^oals anel refuse, under 
which a moeleiiite^ ame)iint e)f ste'am inje^e*teel thre)ugh the filed benl prevents 
clinkering and proineite'S coinpk'tc^ cennbustion, but siiedi results are elue to 
increase in available' heat- and not to increMise in ealorifie; power. The 
heat nece'ssary t-e) suiierheat the' steam te) staedc temperature must be 
charged against- the ceial jiile, but the' loss may be' more than e)ffset by this 
increase in available heat. There is no que^stion as te) the value e)f properly 
installed st-eam je'ts in maintaining smokeless combustion under certain 
conditions anel with ce'rtain classe's of fuels, but, as a geaieral rule, they 
are looked upon as inake'shifts by expe'rienced sme)ke^ inspectors and others 
competent to juelge thejn. A plain furnace with steam je^t eepiipment, 
either manually e)perated or automatic, will usually average from 8 to 12 
per cent smoke density with Tlline)is coals (se'e paragraph 354). A smoke- 
less stack is not a tiaie indication of e'fficient e)peration, since the air elilu- 
tion may be exce^ssive and the heat demands of the steam jets may be very 
great. Since air requirements are greatest at the moment of firing fresh 
coal, and the demand diminishes as distillation of the volatile matter 
progresses, steam jets need close regulation for best economy. If per- 
mitted to run continuously, as is often the case, they may use considerably 
more of the energy of the coal than they save by effecting smokeless com- 
bustion. Practically all of th(^ so-called “ smoke consumers for hand- 
fired furnaces depend upon the steam jet, or admission of air only above the 
fire, for their operation. In most of these the jets are automatic and oper- 
ate independently of the fireman. The most efficient jets are those based 
on the injector or siphon principle in which the jet induces a flow of air 
along with the steam. The steam nozzles are usually placed in the front 
wall, spaced equally across the setting on 18-in. centers, and are charged 
downward toward the bridgewall, as illustrated in Fig. 117. Occasionally 
they are placed in the side wall or even in the bridgewall, but the front 
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wall construction appears to be the best. Many of the patented smoke- 
less furnaces involving the use of the steam jet do not conform with the 
requirements of th(^ Chicago Department of Smoke Inspection, chiefly 
because of faulty furnace design. 

Steam jets use from 2 to 15 ptu* cemt of the st(^am generated by the 
boiler, depending upon th(' size of the boiler, load carried, number, shape 
and size of nozzU^s, initial steam conditions, and wh(»ther or not they are 
permitted to discharge^ interinittently or continuously. The nozzles 
should be designed for maximum velocity, since velocity, and not quantity, 
of steam is th(^ impoi-tant factor. Th(^ weight of steaiii discharged through 
the nozzles may be closely approximated by Napier’s rule, ecpiation (280). 
See also Table 51. • 

104. Hand-llred Dutch Ovens. — One of the ea?*]i('st att(Mn[)ts at hand- 
fired smokeless furnace c.onstruction for high-volatile coals consisted in 
placing a full (extension Dutch oven, 

Fig. 115, in front of the l)oiler. This 
provided a larg(' combustion cham- 
ber, but the setting was exti'avagant 
in floor spa(;e and th(^ intense radia- 
tion from the incandesc(ait furnace 
lining effected a too rapid distillation 
of the volatile matter from the gn'en 
fuel. Steam jet-s placed at the sid(‘s 
of the setting and blowing across the 
fire assisted in mixing the gaseous 
products but did not satisfa(;torily 
solve the prol.)lem. By placing the oven partly (semi-extension) or com- 
pletely (flush front) underneath the l)oil('r proper, the extra space require- 
ments were reduc.ed or completely eliminated, but a considerable portion of 
the heating surface was insulated from the fire at the expense of capacity. 
The next step was to removes part of the oven roof and expose the boiler 
surface to the direct action of the fire. This increased the economy and 
capacity of the setting but still failed to effcM^t the desired result. Plain 
Dutch ovens for hand-fired service, wherev(w they may be locateid, are 
not productive of smokefess combustion without some sort of stoker or 
mixing device. Dutch ovens, or their equivalent, are generally used in 
burning fuels of high moisture content, such as tanbark, bagasse, and wood 
refuse, in order to provide a large surface of heated brickwork for the dis- 
tillation of the water. 

105. Chicago Settings for Hand-fired Beturn-Tubular Boilers. — Fig- 
ures 116 to 119 give details of settings for hand-fired return-tubular 
boilers which conform with the ordinance of the Chicago Department of 



Fig. 11.5. Plain Hand-fired Dutch 
Ovon — .I'^ull tension. Suitable 

for Tanl:)ark. 
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Fig. 117. Department No. 8, or Misostow Furnace; Chicago Setimg. 
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Health, Division of Smoke Inspection. The setting shown in Fig. 116 
and known as the Double-arch Bridgewall Furnace, or Department No. 7 
Furnace (modified), is intended for low-pressure work where steam jets 
are not effective and where the rate of eornhustion is 15 lb. of coal per sq. 
ft. of grate surface per hr. or less. Tlarconsiruction consists of a double 
arch over the lu’idgewall (the combined area of the two arches approxi- 
mating 25 per cent of the grate area) a coking arch over the grate, an4 a 
deflecting arch at the n^ar of the })ridgewall. (!ro(Mi fuel is fired in large 
quantities in front of the coking arch until dislillation of the volatile 
matter is complete. The volatile gases are for(;ed to pass under the 
coking arch and over the* ineand(\scent coke at the back of the grate. 
From this point the gaseous ])wducts arc split into two streams by the 
center pier of the twin arch, and flow in two stre^ams through the two 
retorts formed by the dou])le-ar(di bridgewall.* On leaving the bridgewall 
retorts, the gas(‘s inif)ing(' against the r(\ar or deflecting arch. 

The deflecting arch com])els the whole volume of gas to change its 
direction of travel by 90 d('g. This arrangtanent of arches effects an 
intimate mixture of combustible gases and air at high tempc'ratures, and 
results in practic.ally sm()k(‘l(\ss combustion. Auxiliary air is admitted 
over the fire through panel openings in the fire door. The usual practice 
is to cut a panel opc^ning in the fire doors having an aggregate an^a of 4 sq. 
in. per sq. ft. of grate surface. This type of furnace can be used in con- 
nection with horizontally baffled water-tube boilers as well as with hori- 
zontal shell boilers. , 

Figure 117 gives the general dimensions of what is known as the No. 8, 
or Misostow furnace, for high-pressure boilers. Siru‘(' its adoption approxi- 
mately 85 per cent of the hand-fired furnaces installed in C'hicago have 
been of this design or modifications of it. The No. 8 furnace consists es- 
sentially of a number of vertical fire-brick piers — a cemter or '' V ” pier 
extending from the combustion chamber floor to a point within 2 in. of 
the shell of the boilers and following the curvaturci of the shell, and two 
side piers or wing walls extending from the combustion chamber floor to a 
point within 2 in. of tiie shell at the thick part of the pier. The opening 
between the side walls and the edges of the “ V ” pier is 25 per cent of the 
grate area. On the top of the rear end of the wmg wall, a 4 1/2-in. bulk- 
head is constructed for the purpose of forcing the gases to descend and 
pass between the edges of the two wing walls. 

Auxiliary air is admitted over the fire through the fire doors, or in cer- 
tain cases through the agency of steam jets. The air admitted below and 
above the grate is forced into intimate contact with the products of combus- 
tion by the mixing action of the piers. The dimensions in Fig. 117 refer 
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to a specific set of conditions and are not general. This furnace should be 
fired by the alternate nietlu)d. 

Figure 118 illustrates the Step-down Arch Furnace as developed by 
Frank A. C'hainbers, Dc'puty Smoke Inspector. As will be seen from the 
illustration, the furnace construction (consists essentially of a series of 
arches placed in th(' combustion chamber at a short distance back of the 
bridgewall. These arches an^ l)uilt in separate rings, independent of one 
another, and form a seiies of steps, so that th(' crown of the last ring is 
slightly bplow the top of the bridgewall. TIk^ giises, after impinging 
against the arch, are gradually d('flect('d downward into a high tempera- 
ture zone formed by the rear face of the bridgewall, the combustion- 
chamber floor, and the fa(;e of the arch. * This p(u*mits the expansion of 
the gases, and at the sanu'^time effects a very intimate mixture of the 



Fid. lltS. C'hiimbers Step-down Arch Furnace; Chicago Setting. 


products of combustion. The portion of the combustion-chamber floor 
in the back of the arch is inclined to the rear of the combustion chambers 
at an angle of 30 deg., and deflects the gases on to the rear end of the 
boiler shell. It also transmits radiant heat to the front end of the shell. 
The draft resistance of this construction is very low, and the cost is less 
than that of any of the other standard furnaces described in this para- 
graph; moreover, with the exception of the step-down arch, it is a per- 
manent part of the boiler setting, insuring durability and low maintenance 
cost. This type of furnace is adaptable to both high- and low-pressure 
boilers; in the operation of the latter, the coking method of firing should 
be adopted, and in the high-pressure boiler practice, either the coking or 
alternate method of firing. Steam jets should be supplied as auxiliary 
equipment where the boiler pressure permits their use, and in all cases, 
arrangements for air admission over the fire should be made. The di- 
mensions in Fig. 118 are not general and apply only to a specific set of 
conditions. 
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The following head room requirements, or heights of shell above dead 
plate, are standard for “ Chicago settings. 


Diamotor of Slioll 

Dead Plate to Shell 

! Diameter of Shell 

Dead Plate to Shell 

In. 

In. 

i In 

In. 

42 

28 

()0 

H4 

48 

HO 

72 

30 

54 

H2 

78 

38 

(K) 

Ht 

84 

38 ^ 

\ 


106. Down-draft Furnaces. — Figure 119 shows the application of a 
Hawley down-draft furnace to if Heine water-tube boiler. In this furnace 
there are two separate* grates, one* abe)ve the* othe*r, the* upper one being 
formed of parallel water tube*s e*.onnecb*el with the* water space* of the 
boiler through the steed heaelers e)r elrums, A and /^, in siiedi a manner as 
to insure a positive circulation. Fue*l is supplieel to the^ upi)er grate, the 

lowe*r euK*, fonneel e)f cejinmon 
bars, being feel by the half- 
cemsumeel fuel falling freaii the 
upper grate*. Aii* for ceanbustion 
enters the uppei’ fire ele)e)r, which 
is kept open, and passers first 
through the bed of gie^en fiied on 
the upper grate anel then over 
the incanelescent fue*l on the 
lower grate*. A strong draft is 
re'quired, owing to the relatively 
small upper grate area anel the 

Fig. 119. Hawley Down-draft Furnace. ceirresponelingly high rate e)f com- 
bustion. laiinp coal gives better 
results than the smaller sizes, as the latter are apt to fall through 
the upper grate before being even partially consunieel, and when such is 
the case efficient results cannot be obtained. If carefully manipulated, 
this furnace, with fire-tiled tubes as illustrated in Fig. 119, gives satis- 
factory boiler efficiency and smokeless combustion, but its overload 
capacity is limited. Without the fire tiling, smokeless combustion is 
possible only at light loads. 

The down-draft furiiacci is remarkably successful on low rates of com- 
bustion, 10 lb. per sq. ft. per hr. or less, and is used extensively for heating 
loads. It is not much in evidence in high-pressure plants. 

107. Hand Stokers. — Automatic mechanical stoking is unquestionably 
superior to hand stoking in so far as heat efficiency and smokeless 
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operation are concerned; Vail. is a limit in siz(^ of boiUa- below which 
the overall economy, nu‘asiir('d in dollars and ci'iits, may be less with the 
former than with hand-operated equipment of pi’oper dc'sign. Automatic 
stokers, as a rule, are hij!;h in first, cost, and if th(‘y are applied to small 
furnaces the fixed chaises, maintenance, and operatiiijn; costs, may offset 
the savinj:^ in fuel. This is frcnpiently th(^ case where the automatic 
stoker • effects no reduction in the firinji; forces and whi^re the plant 
operates on a limited hour schedule. There are several tyi)es of hand- 
operated stokiu’s on th(* inarkid, wliich simulate the action of th(' automatic 
mechanical type. When jiroperlv installed and manijmlati'd, they are 
a great improvement, over hand stoking, as regards rcHhn’tion of labor, 
smokeless combus- 
tion and efficiency. 

The particular ecpiip- 
ment illustrated in 
Fig. 120 consists of 
a set of stationai’y 
inclined grate bars, 
two rows of rocking 
bars or pushers, and 
two sections of hoi i- 
zontal dump plates. 

The pushers and 
dump plat(is are 
operated from the 
front of the furnace 
through th(i agency 
of suitable hwers. 

Green fuel is fed to the dead plat(' and the ui)i)(‘r end of the stationary 
grate, where it is igniti'd and coked by the heat radiated from the ignition 
arch. Before a new charge is put in, the coked coal is forced on to the 
pushers by means of a ho(^ or shovel. 1 he action of the pushers moves 
the fuel forward and at the same time breaks up any clinkers. Ash is 
discharged into the ashpit^ by lowering the dump plate. Among the well- 
known types of hand-operated stokers may be mentioned the Huber | 
Cokal, National, Auburn, Files ami Budd. 

108. Mechanical Stokers. — (Continuous feeding of the fuel and uniform 
distillation of the volatile matter in the presence of oxygen are the 
essential requisites for (efficient and smokeless combustion, and it is for 
this reason that mechanical stokers, as a class, are more effective in pro- 
ducing high combustion efficiency and in preventing smoke than any ap- 
paratus accompanied by intermittent firing. In addition to increased 



P’kj 120. A Tyinciil IlLiiid-t)])eriit.(^fl Stoker. (National.) 
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efficiency, they effect a saving in labor and a gain in flexibility of operation. 
Mechanical stokers, particularly those of the forced-draft type, are capable 
of responding promptly to high and sudden overloads, and of being brought 
to full steaming capacity from a banked fire or cold grate in a remarkably 
short time. 


^l ABLE ;^3 . I 

BETTING HEIGHTS FOIl VAHIOITS TYPES OF liOILEHS EQUIPPED WITH STOKERS 1 
(Min. = nbHOIute minirnuin, C M = preformd luininium, i.o., (lie iniiumum hcmlits rceoiiunendod.) 

(IT l'\ Lawn‘iice) 


Ti’pe of StfiKer to lie TrisUiIled 



1 

Muldplo 

UtMort 

Under- 

feed 

Sint^le He^rK 
I’liderfecul 

Side 

( )\ ei- 
leed 

I'lnnl 
( )\ ei- 
feed 

CMiain CiraLcs 

Typo of Boiler 

T'ai'lor, 

WestiiiK- 

house, 

Hiley, 

Jones 

A C 

Type K 

Juno.s 

Sinule- 

Jlelort 

Murphy 

Detroit 

Honey 

Natural 

Draft 

Forced 

Draft 


d 


d 

S 

Kd 

d 

?! 

Ph 

d 1 

Ps 

R 

? 

? 

Ah 

d 

•Kd 

d 

P^ 

Water-tube. 















Horizontal 

10' 

12' 

10' 

12' 

8' 

10' 

8' 

11' 

8' 

10' 

10' 

12' 

12' 

14' 

Inclined (Ilor. M.D.) $ 

7' 

8' 

G' 

8' 

G' 

8' 

5' 

7' 

6' 

8' 

6' 

8' 

7' 

8' 

Inclined (Vert M D.) 

5' 

6' 

5' 

(/ 

3 '6" 

5' 

.TG" 

5' 

3'6" 

5' 

3'G" 

5' 

6' 

8' 

Vertical (Tlor. M D.) ... . 

Vortical (Vert. M D.) 

:r 

4' 

r 

4' 

3' 

4 

3' 

4' 

3' 

4' 

3' 

4' 

3' 

4' 

150-hp. 

4'6" 

.V 

4'6" 

5' 

4'6" 

5' 

:3'3" 


3'G" 

I'G" 

4'1" 

47" 

5' 

5'6" 

250-hp. 

5 '6" 

G' 

5'G" 

G' 

5'G" 

G" 

3'3" 


3'0" 

4'G" 

4'1" 

47" 

5' 

rj'O" 

500-hp. ... 

6' 

6'G" 

6' 

6'G" 

6' 

G'G" 

3'3" 


3'G" 

4'G" 

4'1" 

47" 

6' 

G'G" 

Horizontal lleturn-Tubulnr: 















72-in. 

8' 

10' 

8' 

10' 

4 

10' 

7' 

8' 

G' 

8' 

7' 

8' 

8' 

10' 

84-in. 

8' 

10' 

8' 

10' 

7' 

10' 

7' 

9' 

0' 

8' 

7’ 

8' 

8' 

10' 


Definitions of Settino IIeiohts 


Water-tube, horizontal 
Water-tube, inclined 

Water-tube, vortical . . . 

Horizontal return-tubular. 


FliKir line to bottom of header above stoker 
Horizontal nuid drum- floor line to center of mud drum 
Voitical mud drum floor lino to top of mud drum 
Horizontal mud drum- floor lino to center of mud drum 
Vertical mud drum- floor lino to top of mud drum 
Floor hue to under side of shell 


Any stoker will burn practically all classes of solid fuels to a certain 
extent, but no stoker is a commercial success with all solid fuels. Some 
types of stokers are limited to a narrow range in the grade of fuels which 
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they can burn economically, while others have a wide field of application. 
For each fuel and set of oi)erating: conditions, there is a stoker and furnace 
equipment which will give the best commercial return on the investment; 
but the problem of selection is not always a simple one, as is evidenced by 
the number of changers inad(^ from time to time in the furnace equipment 
of some of our most modern installations. The following outline gives a 
classification of a number of well-known American mechanical stokers: 

TRAVELING OR CHAIN GRATE 



NntuTol Draft 


Forced Draft 

Babcock & Wilcox Laclcdc-Cliristy 

«< 

Goxe 

Harrington 

Green 

McKenzie 


Illinois 

Babcock & Wilcox 

Illinois 

Play ford ^ 

Overfeed 

Stowe 

Westinghouse 


Frontfeed 



Sidefeed 

Roney 

Wilkinson 


Mnrphy 

Model 

Wetzel 

Harrington “King Goal” 


Detroit 



Underfeed 




Single Retort 



Multiple Retort 

Jones 

Roacli 


Riley 

Westinghouse 

Type ^‘E” 

Moloch 


Tayioi 

Detroit 



Jones, A. C. Moloch 



Sprinkler 

Dayton 

• 



Any arrangement of the various groups of stokers with reference to 
their commercial adaptability to the burning of the different classes of 
bulk fuels is unsatisfactory, because of the great variation in the size, 
moisture and ash content, and composition of any particular class of fuel. 
The mere ability to burn fuel is not an index of the commercial success 
of a stoker eciuipment, since su(;h items as first cost, maintenance, dis- 
position of ash and clinker, capacity, fu('l burned in banking, and ability 
to meet sudden changes in load, must be given proper weight. 

The natural-draft chain-grate stoker is highly successful in burning all 
bituminous coals which do not requires agitation, such as the middle western 
coals. In fact, agitation during ignition frequently results in the formation 
of objectionable clinker, particularly with coals having low-fusion-point 
ash. Eastern and other coking coals may also be satisfactorily burned 
with natural-draft chain-grates provided with agitating plates, or with 
forced-draft chain-grates where a high temperature can be maintained at 
the front of the furnace where the fuel enters. These coals, however, 
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are better adapted to the overfeed and underfeed stokers which provide a 
sufficient agitation to keep the fuel bed broken up in a uniform and porous 
condition. River coal, small sizes of anthracite, culm, coke breeze, bone 
coal, and low-grade bituminous coals have bec.n satisfactorily burned with 
forced-draft chain-grate stokers, and many installations of natural-draft 
stokers are giving excellent results in burning lignitc\s and the high-mois- 
ture-and-ash coals of Iowa, Colorado, Montana, Wyoming, Alberta, and 
Saskatchewan. 

Properly installed overfeed stokers of either th(^ frontfeed or sidefeed 
type are adaptal)le to almost every varic^ty of bituminous fuel and have 
been used succ(‘ssfully with lignite and various other fuels mixed with coal, 
such as tanbark, wood n'fusc^ a*nd (;oke bre(‘ze. Coals of low ash content 
do not produce an ash layer of sufficient thickness to protect the grate 
bars, and careful manipulation is necessary to prevcuit the metal from 
burning. Ignition arches uro necessary with all natural-draft overfeeds; 
and, at high rates of combustion, the fuel is apt to avalanche and con- 
siderable annoyan(;e is experienced with (dinker because of the high tem- 
peratures under th(' arch. Overfeed stokers arc not much in evidence in 
the large modern (jcnitral station. 

All underf eeci stokers are well adapted for burning high-grade caking 
and low-ash free-burning coals, and the groat majority of the modern 
eastern power plants are equipped with stokers of this type. Underfeed 
stokers of the self-cleaning type are used to a limited extent with the 
high-ash free-burning cotils of the Middle West but are not as satisfactory 
as the chain-grate. With ])roper furnace construction, underfeed stokers 
may bum small sizes of anthracite or culm when mixed with a c(ntain 
percentage of bituminous and lignite, but the forcc^l-draft (‘hain-grate 
appears to be the better investment for these fuels. 

Setting heights for various types of boilers (^quipped with stokers, as 
specified by H. F. Lawrence,^ arc given in Table 33. 

Stoker Equipment and Eurnaceti: Report of Prime Movers Committee, N.E.LA., 
1923 (Part B), p. 126. 

109. Traveling or Chain-grate Stokers. — The chain-grate stoker is 
one of the most popular forms of automatic stokers for burning small 
sizes of free-burning coal from the Central States, and is highly successful 
in burning lignites and many classes of low-grade coals which do not re- 
quire agitation during the distillation process. While differing in details 
of construction and in nu'thod of driving, the various types of chain-grate 
stokers, natural or forced draft, are basically identical in general design. 
The stoker proper consists essentially of a wheel-mounted truck equipped 

* The Design and OperaMon of Underfeed Stokers: Trans. A.S.M.E., Vol. 44, 1922. 
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with an endless chain of grate bars. The chain is carried over sprockets 
at the front and rear (aids of the truck and is guided and supported by 
suitable guide rails or slides. In the older designs, the driving mechanism 
consists of a gear train actiiatiHl liy ratchet and pawls, the arm carrying 
the latter being givcai a rca'ipioeating motion by an eccentric mounted on a 
line shaft. The line shaft nuiy be (b*iven by any typ(‘ of engine or motor, 
and the speed of th(‘ grab' (1 to 12 in. per min.) regulated by varying the 
stroke of the arm carrying th(‘ pawls, or by varying the spc'ed of the 
driving inptor. In the' new designs, the line shaft and eccentric are dis- 
pensed with, and t.hc' dih'ing motor is gc^ared to the grate'. In the latter 
case, a varia])le-s])eed motor, or a constant-speed motor actuating a vari- 
able-speed t.ransmission dc'Anc.e, is n('c(^ssai^V\ Tlie pow(^r re(|uired to drive 
traveling grates is very small and rang(^s from 1 to 15 hp. depending upon 

the siz(^ of st oker and 
rate of feeding. In 
the majority of the 
older natural-draft 
designs, air flows 
through the entire 
upper and lower chain 
as in any stationary 
grate, while in the 
n(‘wer types, the flow 
is regulated by a scries 
of in deepen dently con- 
trolled dampers placed 
iniinediat(;ly below 
and traversing the 
rear half of the upper 
chain. In all forced- 
draft types, air is 
forcc'.d through the 
Commonwealth Edison Co. upper chain only, the 

flow being distributed 

by a number of separate compartnumts, each under damper control, occupy- 
ing the entire space between the chains. These compartments communi- 
cate on one or both sides to a common air duct. In some designs any 
compartment (‘an b(' operated on forced or natural draft or closed off 
entirely. In all chain-grate stok('rs the resistance of the fuel bed de- 
creases toward the rear end of the grate. With the multi-compartment 
forced-draft type, th(^ air pressure can be regulated to meet the variation 
in resistance and thereby effect proper combustion with minimum air 



Fio. 121. Coxc Stoker Installation. Calumet Station, 
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excess. * As pressures higher than 2-in. of water are seldom necessary, 
the power requirements for forced draft are less than with an underfeed 
stoker of the same capacity. Air leakage around the sides and back end 
of the chain and air excess through the thinner fuel bed at the rear of the 
grate is guarded against in several ways. Leakage around the sides is 
reduced by adjustable ledge plates imbedded in the side walls and making 



Fig. 122. Illinois Forced-draft Chain-Kraie Installation for Burning No. 3 
Buckwheat Anthracite. 


a rubbing seal with the sitoker chain. In some forced-draft installations, 
water boxes arc imbedded in the side walls immediately above the grate, 
so as to prevent the formation of clinkers. Air excess through the rear 
end of the fuel bed is reduced in some natural-draft designs by the in- 
sertion of sheet-metal dampers or baffles below the upper chain, and in 
others by a water back which compresses the fuel bed, making the rear 
portion denser than the front. In the forced-draft type, the supply of 
air to each compartment may be controlled to meet the corresponding 
resistance of the fuel bed, and in case of a short fire the draft may be cut 
off entirely. Leakage around the end of the chain is prevented by a water 
back or by swinging dampers and stationary baffles or seals. The water 
back also presents a water-cooled surface to which clinker will not adhere, 
eliminates burning off the bridgewall, retains the incandescent carbon on 
the grate until it is more thoroughly burned, and decreases furnace main- 
tenance. Water backs usually fonn part of the boiler-heating surface, 
since the heat absorbed by the water in passing through the box is from 
1 1/2 to 5 per cent of that absorbed by the entire boiler, but in some 
cases the cooling-water supply is independent of the boiler. 

All chain-grate stokers require an ignition arch for the double purpose 
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Fig. 123. Green Natural-draft Chain-grate Installation. 
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of igniting tho incoming fuel and directing the inoducts of combustion 
into the lowei’ portion of the hr^ating surface of the l)()iler. The width 
of the arch is dependemt upon that of the grate, l)ut th(^ weight, k'ligth, 
and slope are functions of the desired rat(' of combustion, percentage 
of volatile combustible in the fuel, calorific value of the fuel, and the 
stoker length. While general rules are available^ for ;iii})i’oximating the 
correct proportion of igTiition arches, they should b(' considered only 
for preliminary layouts because of the great number of variables ^not 
included in these rules. Stoker manufacturers are in a position to Wr- 



Fig. 124. Harrington Forced-draft Traveling-grate Installation for Burning 
Coke Breeze. Longitudinal Section. 

nish specific data and they should b(^ consulted before adopting any 
final design. The curves in Fig. 126, conipUpd by T. A. Marsh, give 
some idea of the relation between the length of arch and ignition rate 
for free-burning bituminous coal containing 25 per cent volatile matter. 
Dimensions of arches and furnaces for burning a few classes of fuels 
with chain-grates are given in Fig. 121-125. It will be noted that the 
length of stoker as usually installed, is such as to require a furnace exten- 
sion beyond the front line of the boiler wall. 

The chain-grate burns coal progressively and the operation is entirely 
automatic. The green fuel enters the furnace at one end, passes through 
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the various stages of coinbustiou, and ash is discharged from the furnace 
at the other end. Sinec^ the fiud and chain move together there is no 
agitation oi the luel Ix'd, an ideal condition for free-burning fuels, (taking 
coals, howevci*, usually 
require agitation during 
the ignition stage be- 
cause of the sw(?lling 
and fusing action of 
the fuel imdcu' the igni- 
tion arch, and for this 
reason the natural- 
draft chain-grate is not 
suitable unl(\ss providtul 
with coking plates im- 
mediately und(‘r the 
front of the arch. ( bm- 
bustion rates uj) to 40 
lb. per sq. ft. per hr. 
can be secured with 
this arrangement, but, 
above this rate, the 
ashpit loss increas(\s 
rapidly, and burning 
of the grate sur- 
face bccomcjs serious. 

Forced-draft chain-grates burn caking coals satisfactorily without agita- 
tion, because the fuel bed can be incrciased to th(^ prop('.r thickness and 

th(^ air supply regulatc^d so as to maintain 
a high t(‘niperatuj’e where the fuel enters 
the furnac(i. This permits combustion 
of the volatile matter without caking of 
the solid particles. 

Natural-draft chain-grates arc gener- 
ally installed where the capacities de- 
manded to meet th(i station load are 
within range of the natural draft avail- 
able and where the load demand is 
steady, or where peaks can be antici- 
pated sufficiently far ahead to permit 
building up furnace conditions to meet 
them. Rates of combustion of various fuels with chain-grate stokers 
are given in Table 26. Several types of stokers with furnaces for bur ning 



llj^nition Hute 

Pounda of Cod] pur Fuol of Grate 
Width per Hour 


Fig. 126. Relation of Arch Length 
to Ignition Rate. Natural-draft 
Chain -grates. 



Fig. 125. Harrington J'orccd-draft Traveling Grate. 
Side Section.'if Elcwation. 
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different classes of fuels are shown in general detail in Fig. 122 and Fig. 
125. Sec also paragraph 78. 

The Development and Use of the Modem Chain Grate: T. A. INlarsh, Trans. A.S.M.E., 
Vol. 44, 1922, p. 773. 

Burning Slack Containing Excess Moisture: Power, Apr. 2, 1918, p. 472. 

Peak Loads on Chain Grate Stokers: Power, July 1, 1919, jj. 20. 

Burning Lignite on Forced-draft Cham Grates: Power, Dec. 10, 1919, p. 798. 

Stoker Equipment and Furnaces: Report of Prime Movers Committee, N.E-L.A., 
Part B, 1923, p. 127-137. ^ 

Burning Sawmill Refuse on Forced-draft Chain Grates: Power, Got. 10^ 1923, ]>. 010. 

Improving a Chmn Grate Boiler Furnace: Power Plant Engrg, Mar. 1, 1924, p. 272. 

110. Overfeed Stokers. — 111 stokers of the ovc'if(^ed type, coal is 
pushed in automatically at the top of a sloping gi atc^ coked by the aid of 
an ignition arch, and fed downward progressively by th(^ movement of the 
grate bars aided i)y gravity. Ash and clinker c.olU'ct at the bottom, where 
they arc crushed by rolls or dump('d. Overfeed stokois are iis(*d with all 

grades of coal and 
are quite common 
in the older central 
stations and in 
power plants where 
the boiler units 
ar(^ not very large. 
Arches of the 
sprung or sus- 
pended type are 
used for ignition 
and coking. There 
are two basic types 
of overfeed stokers : 

Fig. 127. Wetzel Overfeed Stoker — Sec.tioniil IJcvation. the frontfeed, in 

which the grates 

slope from the front to the rear of the furnace; and the sidefeed, in which 
the grates are inclined from the side to the center of the furnace, forming 
a V-shaped receptacle. 

The Wetzel stoker, Fig. 127, operates on natural draft and is of the 
frontfeed class. It consists of a cast-iron front on the outside of which is 
arranged the coal hopper, driving mechanism, and regulators; on the in- 
side, a frame upon which are assembled the coking grate, main grate and 
dumping grate. Every alternate grate bar of the main grate is movable, 
and the intermediate bars are stationary. Coal is fed into the hopper, 
from which it is automatically pushed to the dead plate and coking grates, 
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where ignition and distillation take place. The coking grate, driven by 
a link connection to the })iish('r, moves the coal on t,o the main grate, 
where the sawing action of the. movables bai'S caus(^s it to travel slowly 
down the incline to the duini)ing grate. When sufficicnit ash lias been 
accumulated on the dumping grate, a lever is thrown from the front and 
the ash is dischargc'd into th(' ashpit. The coking grate contains a very 
large percentage of air sjiacc', the ii]3p(n‘ part of the main grate a somewhat 
smaller pcu'centagf', the lower part still less, and the dumping grate a very 
small percentages. Othen* we^ll-known make's of the frontfeeel type are 
the Roney an el the Wilkinson. 

In the Roney stoker, the grate bars are placed horizontjilly to tlie frame 
and form a series of steeps. Each step is rockeel back anel fe)rth between a 
horizontal position and an incUrialion te>warel the back of the' furnaeie, thus 
pushing the burning fuel dowiiwarel from step to step. 

In the Wilkinson stoker, the' inclined grate bais are hollow and are 
arranged sieie by siele, every alte'inate bar being ineivalile. When in 
motion there is a constant- sawing ae-tiem o\ the' grate bars. A small 
steam jet is intre)cluced into the' end of each holle)w grate bar and induces 
a large part of the air reepiire^d fen- e'onibustiem. This stoker is intended 
primarily for the' burning of fine anthracite' coal. 

Most of the overfe'e'el stokers are of the natural-elraft type and are sel- 
dom operated at more than 200 per cent eif rateel boile'r e‘-apacity. The 
Cleveland anel Reagan e)ve'rfe*ed st.oke'rs are' exce'pt-ie)ns anel arc intended 
primarily for foreied draft. Boiler ratings of 3.50 pe'r cent have been real- 
ized with the forceel-draft type; whe;n l)urning a goe)el grade; of bituminous 
coal. 

Figure 128 shows le)ngitudiiial and vertie;al s('ctie)ns through a Harrington 
“ King Coal ” autemiatic stoker as ai)plie'd to a 72-in. by 18-ft. horizontal 
return-tubular boilei’. It may be oi)erate;el either as a forced-blast or 
natural-draft stoker, and is elesigne'd for bituminous or lignite coals. 

There are four steps in the grate' surface', arranged as follows: The 
first step is the feed plate; with attae;hed grate bars, which forms the floor 
of the hopper anel which sei’ve's to fe'ed the fue'l em to the active grate 
surface; the second step isistatie)nary; the; thirel step reciprocates like the 
first, and the fourth step also is statiemary. The various steps are formed 
of grate bars easily removed, having 10 per e;ent of air space. Being 
designed for heating service, this stoker is independent of high-pressure 
steam. It is driven by an hydraulic or electric motor, and the forced 
blast, when required, is provided by a motor-driven fan. The fuel 
travels from the hopper toward the rear over the successive steps, the 
ash being discharged from the rear, or fourth step, on to the ash ex- 
tractor. This is a plate which reciprocates adjustably and causes the 



234 


STEAM POWER PLANT ENGINEERING 


ash to work forward and finally fall ov(3r the front end into the pit. The 
spe(‘d of this plat(^ is so adjust'd as to keep the throat full of ash at all times, 
thus autoinati(;ally sealing!; tlu^ ash exit aj^ainst the admission of air. This 
device is l)\iilt in siz(‘s fiotn 4 to 40 sq. ft. and costs but little more than 
a high-grade hand-operated stok('.r. 



Pig. 128 . Harrinp;ion “ King (/oal” Stoker. 

The Murphy, Model, and Detroit stokers are of the sidefeed type and 
operate with natural draft. The Murphy stoker, Fig. 129, is in effect a 
Dutch oven cquippc'd with an automatic feeding and stoking device. 
C'Oal is introduced (uther iiKH'hanically or by hand into the magazine at 
each side of the furnaci' and above the grate and descends by gravity 
upon the coking plate, lleciprocating stoker boxes push the coal upon 
the grate bars. P^very alternatt' grate bar is movable and pivoted at its 
upper end. A rocker bar, driven by a small motor or engine, causes the 
lower ends to move up and down, this a(;tion producing the required 
stoking effecit. A device for grinding up th(^ clinker and ash is provided 
as shown at th(' bottom of the furnace. Preheated air is supplied to the 
green coal through air ducts in the arch plate, and the speed of the stoker 
boxes and grate bars can be regulated to conform to any rate of com- 
bustion. Stokers of the sidefeed t)q)e are characterized by large stoking 
space per foot of grate area and an ample combustion chamber. Under 
careful operation, they operate smokelessly with free-burning coals from 
the Middle West, up to 200 per cent of rated boiler capacity. Because 
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of the high furnace temperature, considerable manipulation by the fire- 
men is frequently necessary in clearing the grate of clinker. 

Overfeed Stokers of the Inclined Type: Tnins. A.S.M.E., VoJ. 44, 1922, p. 787. 

111. Underfeed Stokers. — llnd(‘rfecd stokers utilize the gas-producer 
principle. Green coal is fed to the lower layer of the fuel bed and is 
gradually pushed up and coked, giving up its vfilatile constituents and be- 
coming incandescent by the time it reaches the top layer. The ash or 


C^t^ON BfllCH 
ARCH y 



Fie. 129. Miirpliy Sloker anil iMiriiaoe. 


clinker is forced to the side or back of th(3 fuel binl, where it is removed 
either by hand or by manually manipulated, or power-actuated, dump 
plates. Underfeed stokers have practically supplanted all other types in the 
modern large central stations l)urning eastern caking coals. The tendency 
of caking coal to swell augments the action of stokcu' in producing a fuel 
bed of unusual thickness, and the pushing action of the feeding mechanism 
keeps the bed broken up and porous. Thi' high fusing temperature of 
the ash and the low ash content of tin? eastern caking (;oal combine to make 
the cleaning periods infrequent and of short duration. With these coals, 
boiler ratings of 450 per cent have bcien realized during peak loads. All 
underfeeds are essentially forced-draft stokc^rs, since they operate with 
restricted air openings and very deep fir(‘s. Other grades of bituminous 
coals have been burned successfully with underfeed stokers, but con- 
siderable difficulty is experienced with clinkers from the low-fusion ash 
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variety. Small sizes of anthracite, culm, and coke breeze have also been 
burned with some success wln^n mixed with bituminous coal. Underfeed 
stokers as a ruh^ rtHpiire no i| 2 ;nitiori arches. There are two general classes 
of underf(HHls, the single retort and the multiple retort. In practically 
all the former, the retorts are horizontal, while, in the latter, they are 
inclined. 

Figure 130 shows the general principles of the Jones “ Standard ’’ 
underfec^d stok(M‘, illustrating one of the earliest and still extensively used 
designs of underfeed stokers of the single-retort class. It ^consists of a 



stoam-actuatcHl ram with a fuel hopper outside of th(^ furnace proper and 
a fuel magazine and mixiliary ram within. Air for combustion is admitted 
through openings in th(' tuyere blocks on either side of the red.ort. Uoal 
is fed into hoppers and forc.ed under the bed of fuel in the stoker retort, 
where it is subjected to a coking action. Aftei' libcn'atioii of the volatile 
gases, the coki) is i)ushed toward the top of the fire. The toj) of the fire, 
nearest the l.^oiler, is always incandescent. Each chai'ge of coal is given 
an upward and backward movement forcing the ash to the “ dead ” plates 
on either side of the retort from which it is removed by hand. There are 
no liv(^ grate bars and lumce no ikhhI of an ashpit. Aii* is admitted through 
the tuyere blocks at the point of distillation of the gases. The standard 
size of the retort is about () ft. in length, 28 in. in width, and 18 in. in 
depth, and experience has shown that other sizes are not neceissary since 
the spaces between retort and side wall of the various furnaces may be 
provided for by extending the width of the dead plates. One or more 
stokers are installed in each furnace, dc^pending upon the capacity of the 
boiler and the width of the furnace. The steam pressure automatically 
controls air and fuel supply, proportioning them to each other and to 
varying loads in the correct degree. The result is that the stoker, if 
correctly installed and operated, effects complete and smokeless com- 



BOILER SETTINGS, FURNACES, STOKERS, ETC. 


237 


bustion. The only variable element in the operation of this stoker, once 
it is correctly installed, is cleaning of fires, but if the fireman is careful to 
burn down the coals before breaking them up, the production of smoke 
may be avoided. When the fires are being cleaned, cold air rushes into 
the furnace and cools the setting. 

Other and newer types of Jones undei-feed stokeis are th(' “ Side Dump,” 
“ A-C ” and “ Lateral Retort.” The sidc^ dump diffi'rs from the “ Stand- 
ard ” only by the substitution of sloping grate bars and hand-operated 
dump plates for the hand-cleaned d(‘ad plates. This arrangc'nu'iit gn^atly 
reduces the labor of cleaning th(‘ fir(\s. The stokei’ is of the 

multiple-retort class and (ionipris(‘s a nuin])er of horizontal rams, inclined 
retorts, stationary overfeed sections and single dumi)ing ])lates. The 
“Lateral Retort” consists essentially of two “ A-0 ” stokers placed 
back to back in such a way that tlunc' is oiu' main retort (extending from 
the front wall of the furnace to the bridgewall, with th(^ lateral retorts 
branching off tliis 
central retort at right 
angles. The “Lateral 
Retort” is pai ticailarly 
adapted to boiler units 
of from 100 to 500 hp. 

The medium duty 
“ Type E ” stoker, 

Fig. 131, is another 
well-known example 
of the single-red, ort 
class. In this stoker the coal is fed by ('oal-conveying machinery or 
hand labor into the stoken- hopper and carried under the fire by 
means of the reciprocating sliding bottom of the retort which runs 
th(J full length of the retort. Th(' c-oal is delivercnl uniformly from 
front to rear ])y auxiliary pushers, and, as it ris('s in the retort, it is 
distributed to the arc-hes of th(^ furnace by means of moving fire bars. 
The fire bars mov(? the burning fuel to the dumping tiay along ea(;h side 
wall, where the resulting ast dt^posited. Th('. trays are dumped by a 
ratchet and lever on the outside of th(‘ furnace front. The coal-feeding 
capacity per retort varies from 200 to 0000 lb. per hr. Single retorts are 
used for boilers ranging from 100 to 000 hp., double retorts from 500 to 
1300 hp., and triple retorts from 1000 to 2400 hp. Single-retort underfeed 
stokers do not require large ashpits and ash tunnels below the boiler-room 
floor. They are particularly adapted to installations in which more than 
two boilers are placed in a battery, since side doors are not necessary to 
their operation. 
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Figure 132 shows a general assembly and Fig. 133 a sectional side 
elevation of a Taylor “ Type H ” underfeed stoker illustrating the modem 
multiple-retort type. The stoker consists of a series of alternate retorts 
and tuyere box(\s incliiKul as indieab'd. Ea(;h retort is fitted with a re- 
ciprocating piston or ram for feeding and a number of auxiliary pusher 
plates for distributing the fuel; it alsf) has a movable extension grate for 
completing th(^ com])ustion, and a dumping plate for ash disposal. The 



Fio. 182. (ioncTiil Assembly of Taylor “Type H “ Unclorfeed Stoker, 


extension grates arc' slowly reciprocated by the' same mechanism that 
moves the auxiliary pushers, and the dump plates are dropped and raised 
by a stt^am cylinder. The rams and feeding system may be operated by 
any typcj of engine or motor through the conventional crank-shaft drive 
and gear reduction boxes or by means of hydraulic cylinders. The hy- 
draulic drive has the merits of extreme flexibility of control with com- 
plete elimination of breakage duc^ to foreign matter in the coal. A vari- 
able-delivc^ry, reversible-discharge type of pump, driven by a special 
motor, is used to actuate the' stokc'r. The Type H stoker is also 
equipped with rc^tary ash discharge or clinker grinders when desired. 
The operation of the' stoker is as follows: Chal is fed into the hopper and 
drops behind the feeding rams. These rams push the coal into the top 
of the retorts, crowding upward the fuel ])rc'viously introduced. Part of 
the green coal moves down the retorts and is pushed into the fire by the 
adjustable-stroke distributing pushers. The fuel bed is from 2 to 4 ft. 
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deep above the tuyeres, and, as th(‘ pireeii coal works upward and back, it 
is slowly coked by the lu^at of th(' fire above. Tht' air and j 2 ;ases arising 
through the ))ed of incandt'seent coke are thoroughly mingled and burn 
with an intense, relaiiv(‘ly short flame. As 1 h(‘ (‘ok(‘ is consumed, it shrinks 
and works slowly downward, aided by the moveiiKMit of the' ]nislu'rs under- 
neath. Combustion of tlu' coke is completed (m the overfeed s(Hition or 
extension grate, from which it is forcc'd to the dumi) i)laics. This stoker 



can be built in any furnac-i! def)Lh from 7 ft, S in. to 19 ft. In the latter 
case, the maximum fuel-])urning rate would b(' appioximatcly 2500 lb. 
per retort. 

Figure 134 gives a sectional side elevation of the new model Westing- 
house underfeed stoker. The device consists (\ssentially of downward 
inclined rams, stationary underfeed section, downward inclined adjust- 
able secondary rams, n^ciprocating ov(Tf(‘(‘d sedition and side-controlled 
double dumping grates. This stoker us('s forced draft for its operation, 
and the air supply is controlled from th(' front. Air is admitted through 
the casting supporting the^ front wall, to th(‘ undt'rfeed section through 
the tuyeres, to the overfeed section, and to th(^ front and rear dumping 
grate. The rear dumping grate is replaced by a (‘liTd<('r grinrku', where the 
character of the fuel and the load conditions wariarit this procedure. 
For “ base-load stations '' whore loads an' uniform, clinker grinders are 
especially applicable, but where extn'iiK' lU'xibilit y is desired the dumping 
grates are preferable. 

The Riley “ Standard ” underfeed stoker, Fig. 135, is of the multiple- 
retort type with an incline of about 20 deg. Instead of stationary tuyeres, 
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it has moving, air-supplying grate blocks, carried by the reciprocating 
sides of the rc'torts. These retort sides also move the overfeed grates, 
which extend across the entire width of the stoker below the retorts. Be- 




yond these are the rocker dump plates which continuously agitate, crush, 
and discharge the ash. The travel of the reciprocating parts is adjustable, 
so as to control completely the movement of the fuel bed and dumping 




BOILER SETTINGS, PTJRNACES, STOKERS, ETC. 


241 


of refuse. No special shape of wiAd box is iicct'ssary, since the air chaml)er 
is formed by the boiler side walls and any convenient floor. Air and fuel 
supply may be controlled (nth(*r by hand or automatically. In the older 
central stations with larg;e boiler units, it- was t>,enei‘al jiractice to use two 
“ standard ” stokers placed opposite (‘ach oIIkm', so as t-o jierniit operation 
at high capacity, but the mod('rn tendency is to ijistall but one stoker of 



sufBoient capacity to carry the load. Th(\se larg^ stokers are frequently 
designated as super-stokers. An a])plication o! a Rik^y super-stoker to a 
large B. & W. boiler is shown in Fig. 180. 

The Dc.'iign and OpemUon of Underfeed Sfaherti: by II. Liiwronoo, Trans. A.S.M.E., 
Vol. 44, 1922, p. 797; Power, Sep. 9, 1921, p. 101. 

The PracticAd 0]}cratiorL of an Undo feed Sloher- Power, Jan. ,‘il, 1922, f). 179. 

Underfeed Stokers and Midwest Coal: Power Plant lOiiRr^., Feb lo, 1924, p. 22G. 

112. Stoker Drives. — In order to meet th(^ variation in steam demands, 
and hence the changes in rates of combustion, all stoker drives must be 
capable of speed variation. Th(‘ variabk'-spc'C'd met^haiiisni may be in- 
corporated in thcj stoker itself; it may b(* ind('peTjd('nt of the stoker but 
forming the connecting link between the stf)kcr mechanism and a constant- 
speed motoi' or engine; or it may be a variable-speed motor or engine 
directly connected to the stoker shaft. Because of the low speed of the 
feeding and stoking mechanism, there is usually a fixed speed reduction 
between driver and stoker shaft. The power requirements are very small 
and vary from 1 hp. or less in the smaller sizes of chain-grate stokers to 
about 25 hp. in the largest designs of underfeed stokers equipped with 
clinker grinders. 
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Because of its eas(‘ of o|:)eration and installation and wide range of speed 
variation, the singh^-cyliiuler piston engine, direct connected, geared or 
belted to the stoken- shaft, is thc^ simplest and cheapest stoker-drive ob- 
tainable i)rovi(led the station heat balance permits of its use. Geared 
steam tui l)in(\s have also been used in this connection but only to a very 
limit(M] extent. 

In th(^ modern central station the stokers ai e usually drivcm by electric 
motors. Direct-curremt motors lend themsedves to (efficient speM'd regula- 
tion within rath(n‘ wide limits and are to be found in many ()f our latest 
plants. Th(* prin(^i])al and only real objection to the use of direct-curiipnt 
motors is the Tnatt('r of direcd-current gemeration. In alternating-current 
stations, direct current is olfrained by means of direct-current geared 
turbo-g(merators, synchronous convcnteis, motor-genu'rator s('ts, and in a 
few cases, from a small (lir(‘(;t-current generator mounted on the end of 
the main turbiiu' shaft. In most of the new installations, direct current 
is used at 2[i0 volts, siricc^ it is (easier to build adjustable-spc^ed motors for 
230 volts than for higlu'r voltages. The usual equipmc'nt for direct- 
current motors for stoker drive consists of a protecdive panel to give 
ovc^rload and low- voltage protection and a drum controlh^r and resister. 

With alternating-curr(‘nt motors, specal variation is effeeded as follows: 

(1) A constant-speed motor with a mechanical spc^ed-changing device, 
such as a geai* box or a vaiialde-speed transmission, sindi as the Reeves. 

(2) A wound motor with 2 to 1 speed control by icvsistamu^ in the sec- 
ondary and a 2 to I g('ar Ijox, giving a total spcnnl raiig(‘ of 4 to 1. 

(3) A 4-si)eed squirrel-cage motor giving speeds corresponding to 6, 8, 
12 and 10 poles, with a 2 to 1 ratio gear box making a total range of 8 
fixed speeds. 

(4) A 2-sp(HMl wound rotor motor giving sx)eed of 1200 to 000 r.p.rn. by 
pole changing with speed control by secondaiy resistance, thus obtaining 
a total ranges of 300 to 1 200 r.p.rn. 

Alternating c\irrent for stoker drives is usually supplied at 440 volts. 

Drinng Power-f iou.se A uxiliancs’ I’owcr, Jan. 31, 1922, p. 1G6; May 20, 1924, p. 817. 

Relaiion of Auxiliary Dnres to Heat Balance: Power, Dec. G, 1921, p. 888. 

Control for Power Station Auxiliary Motors: Power* Plant Engrg., June 1, 1923, p. 
581; Power, May 13, 1924, p. 761. 

A, C. vs. D. C. Motors for Stoker Drives: Power, July 3. 1923, p. 8. 

113. Powdered-fuel Preparation. — Although coal may be purchased 
in the open market in powdered form, and custom pulverizing plants are 
equipped to grind lignite, peat, and other fuels upon special order, it is 
usually more economical to prepare the powdered product in a special 
plant at the point of consumption. The portion of the preparation plant 
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that is required for the unloading of the bulk fuel from railroad cars, 
barges, or truck to storage, and transportation from stoi age pile to boiler- 
room bunkers, differs in no way from the eorr(\sponding portion of a similar 
stoker-fired plant. Tliis is also true of tlu' removal of tramp iron, such as 
bolts, nuts, and pick points, by magnetic separators, and the crushing or 
granulating of th(i lump fiu^l. In either case, no pn'liminary crushing is 
necessary if the grec'ii fuel is furnished in sizes l('ss than 1.25-in. to 0.5-in. 
screenings, the exact siz(i depc'nding upon the type and size of mill. If 
the crushed. green fuel at ordinary room temi)eraturo contains less than 1 
or 2 per cent of extraneous moisture (that whi(‘h is driven off when the 
fuel is exposed to dry air at t('mp(‘ratures ranging from 8() to 95 deg. fahr. 
and designated by the U. S. Bureau of ]Mnu\s as air-drying loss ”) in 
addition to the so-called inlierc'iit free' moisture,^ no artificial drying is 
necessary, and the granuUded material may be fed to the grinders directly 
from the green-fuel bins or storage'. inlaatait fr(*e moisture docs not 

interfere with the operation of grinding, conveying, and feeding, unless 
the fuel has l)een heated to such a tc'inperaturc* that this moisture is vapor- 
ized and subsequently c^ondensed ui)on cooling. More than 2 per cent of 
extraneous moisture will reduce th(‘ capacity of any pulverizer, and may 
seriously interfere with the conveying and fec'ding of iho powdered product; 
it is therefore customary to dry all fuels in which the extraneous moisture 
exceeds this amount. The maxii»)um permissible moisture ” (as ordin- 
arily determined froni lh(^ proximate analysis) for (‘conomical grinding of 
various fuels is substantially as follows: • 



Per Coni 

Tor Cent 


UaiiKU Avorinrc 

RuiiKe Average 

Western Bituminous . . , 

:^-io 6 

1 

Eastern Bituminous 

2- S 4 Ijguite 5-15 12 

Anthracite 

1 1-3 2 Peat 

5-15 12 


This is strictly applicable only to the central or storage system, in 
which the preparation of the fuel is ccntralizc‘d and the powdered product 
is stored. In the unit system, whore the fuel is prepared as needed, and 
no provision is made for storing the dust, preliminary drying is ordinarily 
dispensed with. • 

Coal dryers for steam power purposes are usually of the rotary-kiln 
type, consisting of either a single or a double shell fitted with suitable 
rollers and gearing to permit of rotation about the longitudinal axis. The 
shell is set at a slope of from 1/2 to 3/4 in. to the foot and so arranged 

1 “Moisture^' as determined from the proximate analysis less “air-drying loss." 

* The rotary drier is being supplanted hy tlv* waste-heat or flue gas drier and the 
steam drier using steam bled from the main generating unit. See Report of Prime 
Moyers Committee, N.E.L.A., Sept., 1925, p. 43. 



244 


STEAM POWER PLANT ENGINEERING 


that the fuel being dried is subjected to the temperature of the products of 
combustion from an independently fired furnace. The products of com- 
bustion pass around the outside of the shcdl (indirc'ct heating), through the 
shell and fuel (direct heating), or both around and through the shell, de- 
pending upon the tyj)e of dryer. In order to prevent overheating of the 
fuel in the directly-fired type, the products of combustion from the small 
furnace are h(;avily diluted with air so as to lower thenr tc^mperature. The 
shell rotates at 1 to 3 r.p.m., and, owing to its slope, forces the fuel to 
gravitate from one end to the other. It r(‘(iuires from 30 to 50 minutes 
for the fuel to pass through the shell. ^ 

Figure 137 shows a gcuieral assembly of a Fuller-Lehigh dryer illustrat- 
ing the single-shell, indirectly-fired typ(‘. The cycle of operation when 
burning Illinois screenings is also shown. The Ronriot dryer is a well- 
known examjd(^ of the single-shell, directly-fired ty])(' and the Riiggles- 
Col(js ('lass A ” of the double-shell, directly-fired type. 

The total heat rec^uired to dry th(^ find depends upon the amount of 
moisture to be removed, the heat absorbed by the fuel its(df in passing 
through th(‘ dryei-, the temp(irature difference between th(^ air entering 



Fig. 137. Fuller-Lehigh Indirect ” Coal Dryer. 


the furnace and the [)roducts of combustion leaving the dryer, radia- 
tion, and other minor losses. The overall efficiency (ratio of heat use- 
fully applied to that suppli('d) of the modern coal dryer ranges from 
70 to 85 per cent. This is on the assumption that the heat absorbed by 
the dry fuel itself is considered useful.” The overall efficiency (ratio 
of heat required to evaporate the water only, to that supplied) ranges 
from 50 to 70 per cent. A rough rule is to allow 6.5 to 7 lb. of moisture 
per lb. of coal as fired. The power required to operate the dryer ranges 
from 1.0-1. 5 hp-hr. per ton for small machines having a capacity of 2 tons 
per hr., to 0.4 hp-hr. per ton for machines of 25 tons capacity per hour. 
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After the fuel has boon crushed and dried (if necessary) it is conveyed 
to storage or directly to the mills where it is pulverized. 

The finer the particles of fu(d the more readily will tlu'y burn, and the 
shorter need be their path in the combustion chamb('r before oxidation is 
complete; but the cost of grinding increases very rapidly with the degree 
of fineness, and a point is soon reached where the gain is offset by the 
additional cost of preparation. In modern boiler practice canploying the 
central or storage system, the following divisions of mesh appear to be 
productive of economical ri^siilts for all fuels: 

05 pov cent through 200 mesh 


to 


1J)0 “ 

98 

It 

80 “ 

100 

U 

50 “ 


There are various types of grinders on thc^ market, depending for their 
action upon shearing, attrition, crushing by pressure, (pushing by impact, 
or combinations of the above. Th(" fineness of thc' produ(;t. is controlled 
by the rate of feed of raw material, scixM^ning, aii- s(‘paration, or combina- 
tions of these methods. A d(\s(;ription of tlie various machines, involving 
the different principles of grinding and separation, is l)eyond the scope of 
this text, and only a few of the more commonly used types will be discussed. 
Figure 138 shows a section through a Fuller-Lehigh Pulverizing Mill 
illustrating the ball and race iypi) of grinder with combined air and screen 
separation. The pulverizing element consists of dour unattached steel 
balls which roll in a stationary, horizontal, concave-shaped, grinding ring. 
The balls are propell(‘d around the grinding ring by nu'ans of four pushers. 
The crushed material hni into the mill falls ])ctw('eii th(‘ ])aUs and grinding 
ring in a uniform and continuous stream, and is r(‘duced to the; desired 
fineness in one operation. Air is drawn into the mill at the top and, 
traveling downward through the center of the upper or separating fan, 
passes over the pulverized particles and lifts thenn into the chamber above 
the grinding zone. The lower fan acts as an exhauster and draws the dust 
through the finishing screen, which compkitely encircles the separating 
chamber. The material leaving the separating chamber is drawn into 
the lower fan housing, from which it is discharged thi-ough a spout by the 
suction of the lower fan. All the powdered product is discharged from the 
mill in finished condition and requires no subsequemt screening, sizing, or 
separation. Speed of rotation 130 to 450 r.p.rri.; the lower speeds for the 
larger machines. Other well-known makes of mills for pulverizing fuel 
are the Raymond, Bonnot, Stroud, Allis-Chalmers, Kennedy-Van Saun, 
and Hardinge. Mills of this general class require from 10 to 25 kw-hr. 
per ton of finished product, depending upon the physical properties of the 
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fuel and the degree of fineness desired. Powdered fuel mills, of whatever 
type, are seldom built with capacities over 20 tons of powdered product 
per hour. 

Figure 139 shows a section through a Seymour pulverizer, illustrating 
the type of grinder commonly used in small “ unit '' installations. The 


Crushed 

Fuel 



mechanism consists (essentially of a cylindrical housing containing a 
rotating pulverizing element and a fan. The crushed fuel is reduced to 
powder by attrition and percussion, through the centrifugal action of the 
rapidly revolving vanes. The fan element draws in sufficient air to propel 
the fuel through th(* pulverizer and at the same time to support com- 
bustion in the furnace. No preliminary drying is necessary except with 
the very wet fuels, and screens are dispenscid with entirely. This device 
is made in sizes ranging from 1/4 to 2 tons of powdered product per hour. 
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Speed of rotation for the smallest unit, 1800 r.p.m.; for the largest, 720 
r.p.m.; size of driving motor, 15 hp. for the smallest unit and 00 hp. for 
the largest. The Aero Pulverizer, Stroud, and Pulverbumer are other 
well-known examples of high-speed impact grinders intended primarily 
for small unit installations. ^ 

114. Powdered-fuel Feeders, 

Mixers and Burners. — Thc^e 
are many successful syst(‘ms for 
feeding, irvixing, and l)urning 
powdered fuels, but they overlap 
to such an extent that a sim])l(! 
classification is impossible. In 
the small ''unit ” S 3 ^steins, grijul- 
ing, fpeding, and mixing aix^ 
carried on simultaneously in a 
single housing, and it is only 
necessary to install the s(‘lf-eon- 
tained apparatus in front of th(' 

V^oiler sotting, attacdi the inlet io 
the raw-fuel hopp(ir and connect 
the discharge spout to a suitable J39 Seymour Coal Pulverizer — Unit 

cylindrical nozzles projecting into Type.. 

the furnace. Among such ap- 
pliances may be mentioned the Aero-pul v^erizen- and tlu? Seymour Pulverizer. 
Preliminary drying is not necessary except with very wet fuels. Unit 
systems of this tyi)e require from 22 to 35 kw-hr. per ton of fuel for their 



Fig. 140. “Lopuleo” Powdered Coal Feeder. 


operation and are made in sizes ranging from 500 to 5000 lb. of fuel per 
hour. A serious deficiency of this system from an operating standpoint 
is the lack of a reserve supply of powdered fuel, since any interruption 
due to breakage or the like necessitates shutting down the boiler. Peak 

1 Development of Unit Pulverizers' Mech. Enrg., Mid Nov., 1925, p. 1047. 
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demand of the pulverizer equipment is also coincident with that of the 
main plant. 

Figure 140 shows a section through the Lopulco feeder, manufactured 
by the Combustion Engine(iring Corporation, and Fig. 141, a similar view 
of the Lopulco induction burner. The feeder is of the screw type, oper- 
ated by a variable-speed motor. Powdered fuel is fed by the screw to a 



small mixing ehanibc'r provided with paddles, where it meets a jet of 
primary air supplied under a pressure of approximately 6 ouiKies. Through 
the action of the paddk^s and the jet, the fuel and air are thoroughly mixed 
before being forced into the burnei*. Tlu^ primary jet furnish(\s only a 
small portion of the air r('(]uired for combustion. The furnace vacuum 
sometimes extends back into the primary air pipe, while part of the scc- 



Fig. 142. Quigley Central-duct Powdered-fuel Feeder and Burner. 


ondary air is admitted through a cellular casting which surrounds the 
fuel pipe. The remainder of the secondary air is admitted through 
dampers in the front wall of the furnace. 

Figure 142 gives the general details of the Quigley feeder and burner. 
Powdered fuel is withdrawn from the hopper by a constant-speed screw 
(equipped with adjustable shutters for controlling the rate of feed) and 
dropped into a sjqjhon tee, where it meets the primary air jet. The 
primary air is supplied by a fan or blower under a pressure of 6 to 8 ounces 
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and reprnsents about 12 ])or cent of the air required for combustion. The 
jet creates a slight vaciiujii about the screw, preventing bridging or arching 
of fuel in the bin, and at tlie same time forces the fuel into the furnace. 
The secondary air is siippli('d by a low-pressure blower and enters the 
burner pipe through the annular space around the primary air line. The 


Fuel DiBahar{^ 



Fk;. Fullor-Kinymi Pulverized Material CVinveying Systcin. 


expansion of th(' primary air by heat in the furnace causes the fuel to mix 
with the surrounding annulus of cninbustion aii‘. The Icuigth of the flame 
is controlled by clianging the position of the tip of the primary air pipe 
with respect to the nozzle of the burner. Advancing the tip delays the 
mixing and gives a larg(u' flame. Rated capa(;itioH of the Quigley burners 
range from 200 lb. to 1800 lb. 
per hr. 

Figure 143 illustrates the h'eder, 
and Fig. 144, the induction-type 
burner of the FuUer-Kinyon sys- 
tem. The capacity of the* f(‘(Hler 
is controlled by the sj)eed of the 
screw. Powdered fuel is delivered 
by the scrc^w to the inner tube 
of the burner, where it is picked 
up by a jet of air supplied by a 
blower under a pressure of 2 1/2 
ounces and projc^cted into the furnace. This primary air supply rep- 
resents approximately 50 per cent of the total required for combustion. 
Secondary air is induced from the atmosphere, by the action of the pri- 
mary jet, into the annular space surrounding the inner tube of the burner. 
The tip of the inner tube does not enter the furnace but is set back from 
the burner nozzle as indicated. The burner is designed so that the fuel- 
air mixture enters the furnace at low velocity. 

Figure 145 gives a sectional view of the “Multi-mix” powdered fuel burner 
and feeder, which differs from other blast-type devices in the manner of 


Primary Air 
and Fuel 
Nozzle 



Secondary 
Air Nozzle 


Primary 
Air Intel 
(Pressure) 


'‘Secondary 
Air 

(Induced) 

Fig. 144. Fuller Induction Burner. Ver- 
tical Type for Low-Volatile Coals. 
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mixing the fuel and air and of introducing the mixture into the furnace. 
All of the combustion air is supplied through the burner, and no auxiliary 
air admission is required in the furnace. Because of the comparatively 
low feed velocity and the absence of any “ scrubbing action of the jet, 
smaller furnace volumes may be employed than with the high-velocity 
types. The drawing is self-explanatory and requires no detailed dis- 
cussion. 


Dlwhar^ Spreading 
Jet ImpnctH affainst 
Outer ^hell Air and Fuel 

a Muting Chamber^ 



Approximately 25^ 
of CombuBtion Air 
mtruduci^d jlicrc) 

Multiple 

. l,i;i Ia!'' 

. , -.vV, -»V, 


■ ' I'l t-«l ilcliM ra Ai'iliitoi Stir ■ 1 iif>l to ■■vi'ii 

■ 'll 1-ufl liiHide Mixing CunHislLiiCj liiHuniig CiiiiHLaDt 
■ 




TC^ of Combuatiun Air 7i / 
entecB here / Y 

Air EnteTH Central Pipe and Inner 
Annular Spacua In oacn pair of Mixing Shells, 
Emerging aa Jeta, Mixing with Fuel In the 
Reapective Outer Annular Spaces. 


Homogeneoua Mixture enters Furnace 
SECTION Y-Y In Turbulent Cunditiun 

Fig. 145. “Multi-mix” Powdered-fuel Feeder and Burner. 


Other popular makes of powdered-coal burners and feeding devices are 
the Grindle, manufactured by the Whiting Corporation, Harvey, Ind., 
the Rayco, Raymond Bros. Engrg. Co., Chicago, and the Stroud, E. H. 
Stroud, Chicago. 

115. Powdered-fuel Furnaces. — The modern furnace for the efficient 
combustion of powdered fuel differs but slightly from that of an oil-fired 
structure, since powdered fuel behaves more nearly like a fluid or gas than 
it does like Imnp or bulk fuel. A plain chambe^r, without ignition arches, 
target walls, or deflecting arches, appears to give the best results, pro- 
vided the volume is large enough to burn the. fuel in suspension. The 
volume depends primarily upon the fineness of the fuel particles and the 
maximum weight of fuel to be burned per unit of time. The shape, as 
regards length, width, and height, is a function of the maximum permis- 
sible flame length (40 to GO ft.) ; number, size, and position of the burners; 
provisions for cooling the furnace lining, and the type of boiler. In the 
latest power houses, the ratio of furnace volume to water-heating surface 
ranges from 0.3 to 0.85, corresponding to maximum boiler ratings of from 
125 to 380 per cent. On account of the high temperatures involved, and 
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the slag produced from th(^ ash, the destruction of the furnace lining is very 
rapid if the flame imi)iriges direct- 
ly upon the refractories. When 
the temperature of the furnace 
lining exceeds that of the molten 
ash, the slag projected against the 
lining penetrates into the brick 
and washes it away. If the tem- 
perature of th(^ lining is lower 
than that of the slag, no erosion 
takes place and thc^ slag forms a 
soft protective coating. Th(' tem- 
perature of the lining is niaintanied 
below that of the slag by (exposing 
a large portion of th(‘ })oil('r-heat- 
ing surface to dirtuit radiation fj'om 
the furnaces and by cooling the 
walls either with air or with wat(T 
jackets. At ratings u]) to 200 \wt 
cent, with fuels having high-fusion ash, no slagging occurs and the refuse 

may be raked out in the 
usual way; at higher 
ratings or with low air 
.excess and low-fusion 
ash, considerable objec- 
tionable ash is formed, 
but the ill effects may 
be largely eliminated 
by cooling the bottom 
of the furnace either 
through air cooling or 
by means of water 
screens. In the very 
latest designs, the fur- 
nace side walls are ei- 
ther of solid brick 
protected with a water- 
cooled surface, or of 
composite construction 
Fig. 147. Powdcred-coal Furnace, Combustion protected with a combi- 
Engineering Corporation. nation air and water- 




cooled surface. The water cooled coiLstructiou is practically imperative 
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with pulverized-fuel firing in combination with air heaters because of 
the intense heat in the furnace at very high ratings. The water coolers 
consist usually of 4-in. steel tubes arranged on each side of the furnace 
and spaced on 6 to 8-in. centers. The water in the coolers forms part 
of the regular boiler circulation. In the type of construction the 

spaces between adjacent tubes arc covered by two steel strips or fins 
welded longitudinally to the tube and diametrically opposite each other, 



Fig. 148. Furnace for Seymour Pulverizer. Unit System. 


thus presenting a continuous metal surface to the fire. For a detailed 
description of a number of water-cooled furnaces, (consult “ Water C'ooled 
Furnaces,” Mech. Kngrg., Mar. 1925, p. 197. 

Figures 146 to 148 give the general details of typical powdered-fuel 
furnaces. 

Susquehanna Station of the Metropolitan Power Co.: Power, Dec. 29, 1925, p. 1000. 

Cost of Preparing and Delivering Powdered Coal to the Furnace: Bureau of Mines, 
Bui. 217, 1923, p. 100. 

Pulverized Coal: Serial Report, of Prime Movers Committee, N.l^.L.A., Sept., 1925. 
Power, June 3, 1924, p. 900. (Serial.) 

Combustion Steam Generator: Power, Feb. 2, 1926, p. 232. 

Turbulent Flow or Well Type Furnace: Report of Prime Clovers Committee, N.E.L.A., 
Sept., 1925, p. 40. 

116. Fuel-oil Burners. — The name “ oil burner ” is a misnomer, be- 
cause the so-called burner does not burn the oil but merely atomizes it. 
The atomization may be effected by high- or low-pressure compressed air 
or steam, a combination of air and steam, or by merely mechanical means. 
For high-pressure steam generation in stationary plants, only two basic 
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types need be considered: viz., steam burners, and mechanical burners. 

The essentials of any tjqie are (1) the coinpU'tc atomization of the oil 

without clogging, fouling, or “droohng”; (2) jet of such shape as to 

insure intimate mixture' at all points with the incoming air; (3) capacity 

for effecting complete' (‘omlnislion with minimum ^ _ 

excess air at the various st.e'aming rates con- 

templated; and (4) accessibility, minimum 

attention, and low maintenance. Neither type 

is of universal application; in some cases the steam— 

steam atomizer is the better invc'stment, and LJ LJ 

in others the mechanical atoinizc'i- offers more Hamniel Oil 

advantages. In the steam burners, the oil is (^^team 

atomized and forced into the furnace by a steam 

jet; in the nu'chanic.al buriK'rs, the* oil under pi-essure breaks into a fine 
spray on passing through sirc'cially desigiu'd orifices. 

Steam burner s are designated either as outside mixers, in which the oil 

and steam meet outside the? burner 
nozzle; or inside mixers, in which the 
oil and steam mingle inside the nozzle. 
^ Hammel, Enco, Airoil, Leahy, 

- r-^ Rogers-Higgins, Peabody, Kirkwood, 

■ — ^ 7 and Tate are i‘e])r(isentative of the inside 

oil j I mixers; and the Best, Gilbert and Parker, 

Rockwell, and - Foerst of the outside 

mixers. Some of the well-known steam 

Fig. 150. Foerst Oil-burner 1 ip -n j. i • i/in 

(Steam Atonuzer). illustrated m Ings. 149 

to 157. 

Figure 149 shows a section through the atomizing tip of a Hammel 
burner, illusti ating a well-known design of the inside-mixing type. The 

- Steam Nozzle 


Fig. 150. Foerst Oil-burner Tip 
(Steam Atomizer). 



Fig. 151. National “Airoil” Burner (Steam Atomizer). 


oil, under pressure and either heated or cold, is fed through the upper pipe 
into the mixing chamber C, where it encounters the steam jet issuing from 
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the lower pipe, and the mixture is forced through the rectangular orifice 
in the shape of a long, flat spray. 

Figure 150 shows a section through the atomizing tip of a Foerst burner, 
illustrating the outside-mixing type. The oil is fed through the lower 

pipe at right angles to the steam 
jet and is discharged in the 
shape of flat or fan-tail spray. 

Figuni 152 shows a section 
through the Enco strain atom- 
izer, which differs consider- 
ably from the usual type of 
st(iam atomizers in that it is 
SLiital)l(» for either natural or 
forced draft. Referring to the 
illustration, steam and oil enter 
the device as indicat(ul. Part 
of the steam passes through a 
Venturi nozzle on the center 
line of the burru^r, and the 
rest enters the mixing chamber 
through tangential openings. Oil enters around the mouth of the Venturi, 
is caught up and partly atomized by thu (‘.enter steam jet and is (carried 
forward through the center passage to the opeming of the mixing chamber. 
Here it is “cross cut” .by the tangemtial jets, whirled around at high 
velocity in the body of the mixing chamber, 
and finally discharged through the orifices 
plate. As the oil is completely atomized in- 
side the burner, it may be discharged through 
any number of openings, of any shape, at low 
velocity. The atomizer, complete with forced- 
draft air registers, is shown in Fig. 153. 

Mechanical atomizers for high-pressure 
boilers are practically all of the oil-pressure 
type; that is, the oil is forced under pressure 
through suitable orifices or tips which break it 
up into a very fine spray, or log. In low- 

pressure installations, the centrifugal atomizer is commonly used. In 
this type the oil is broken up into a spray by the centrifugal action of a 
motor-driven rotating tip. 

Figure 154 gives the general details of the Peabody-Fisher burner. All 
of the oil enters the atomizing chamber through heavy burner-tube A, 
and enters the atomizing chamber in tip E through several small passages 



/Venluri TangenHal 

Nozzle Orifices, 
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Intfriockinf 


I Cap s.».k..tonC.“.:r amuiiar cnmnui'.i 
b-j-nfi’pj tauKcntial groove 

0#QJJ — “U (diarpios into a sr 


Cj which give the oil th(' necc'ssiuy whirling motion. By opening a valve 
at the end of inmT tube which connects with a series of holes in the 
burner tip, part of the oil in the ti]) is by-passed. This design enables 
the same amount of oil to reach t he tip regardl(\ss of the load, so that there 
is no reduction in the oil jiressun^ and the spray ('fleet is practically con- 
stant for a large flow of oil. The 

by-passed oil is returned to punii) p — ' b. \ 

suction or storages < a ~ ^ 

Figure Jof) shows a section ^ ^ 

through the atomizing tip of tlu^ Peabody- I'^ishcr ‘'Wide RaiiRe” 

Koerting mechanical atomizer. Atomizer (Meehamcal 'Pype) 

In this d(^vice, th(' oil is forct'd 

under pressure', tangi'iili ally ^through an annular chamber in the burner 
tip, the chamb(‘r bc'ing so arrangc'd as to give the oil a high velocity of 
rotation, and thus, under the action of centrifugal force', to break it up 

into a fine spray. The 
annular chamber or 
J_«£; pj ,roov di. 

( ^1 ediarges into a small 

cylindrical chamber, 
i which 

Goosonock "^(iUiirO lube liurnurllip IS ('OlllCal in shapC. 

SECTIONAL ELEVATION discharge orifice is 

Fj«. 155. KocrtiriR Mfichiinic!.! Oil .Moiuizw. ;it the iipox of thecone. 

Figure 150 shows a sextion through a Coen iiieehanical atomizer, il- 
lustrating the single-orifice t\T>c in which no rotational motion is imparted 
to the oil before; it leaves the tip. Other well-known makes of mechanical 
atomizers arc the B. & W. “ Lodi ” and “ San Diego » White, Dahl, Fess, 

and Witt. _ Adjustment 

Steam atomizers for boile^r 

furnaces operating unde'r natu- jj [I \ 

ral draft are usually de'signcd ijp ij TU Tab?r^ 

to give a flat flame and are =lij 

installed in f he^ furnae!e^ so Coen Mechanical Oil Atomizer. 

that the flame is spre'ad out 

over a floor of refractory material, as in Fig. 159. When they are pro- 
vided with orifices which produce a hollow conical jet, air registers, 
as iUustrated in Fig. 100, are necessary for efficient mixing of the air 
and atomized fuel. Steam atomizius, in connection with air registers, are 
also suitable for forced draft. Mechanical atomizers arc almost always 
provided with air registers. Air registers arc fully as important from 
the standpoint of design and construction, and have quite aa great an 


Gooaenock 


Fjcj. 155 


yc;r : . -■ v-"- ---.iM- - 

iiurncrlip 

SECTIONAL ELEVATION 
KncrtiiiR !M(i(*hjini(“il Oil Atomizer. 


\ Adjustinff rod j 


\Jiprinif 


Adjustment 
stop. „ 


Burner Tip 


Strainer y Burii« 

Kto. 156. Coen Mechanical Oil Atomizer. 
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'Alomi/-cr 
I body I 


Coupling to oil line 


/‘■Air impL'lliT 


if CJ. 


Atomizer bod^ 


influence upon the securing of perfect combustion, as the atomizer 
itself. 

The amount of steam required to atomize oil varices with design of burner, 

and the method of 

Boiler frontv , ^ , 

■plate V control. In large cen- 

where the 

■ Aotomaiic | buiTieis are automat- 

iciilly controlled, .or 
where thgy receive 
I ! ' i! consistc^ntly good J^t- 

I i ^ — Hi ■] if coupiinK to online tcntion and care, the 

i '/ 1'\ Atomizer | ^ 

I r ^ S y, i ij-r. | .? avc^rage steam con- 

' il - ^ - 4,'' sumption ranges from 

' '''' K-AirimpLiitT ^ r j” CJ, lij 0 12 txv 0.25 lb. per 

r T1 lt>- oil This 

— I I corresponds to ap- 

^ proximately 0.8 to 1.8 

^ , 1^,1 

■ ■ * . 1 Outer rnml plate . x i t* i. 

''W/'" ' M I steam generated. Hut 

I'i . ib" - J for regular, everyday 

Won purt-ii II. I'. Block oporatioii ill tlic avcr- 

Fire brick 

Fig. 157. B. & W. '^San Diepo” Mcclianical Atomizrr plant, the amount 

and Air llegi-stcr. rang(is from 0.3 to 

0.8 lb. per lb. of oil 

fired, corresponding to 2 to per cent of tlu* total steam generated. 




jr Outer Inml plain 


Fig. 157. 


Mon pun’il II. I'. Block 

B. & W. '^San Diego” Mcclianical Atomizer 
and Air llegi-stcr. 


fired, corresponding to 2 to per cent of tlu* total steam generated. 
See Fig. 158. 

The equivalent steam (consumption of line iiKcchanie.al liurner depends 



400 600 600 700 800 900 1000 1100 1L>00 1300 1400 

Rate of Combustion, Founds of Oil per Hour per Burner 


Fig. 158. Typical Performance Curves — Steam Atomizers. 

largely upon the oil pressure maintained, the efficiency of the oil- 
pumping and heating apparatus, and whether or not the exhaust steam 
is utilized. In some of the latest plants, the equivalent steam consump- 
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tion is approximately 0.5 per cent of the total generated. As a general 
rule, the steam consumption will not exceed 1 per cent of the total 
generated. 

Steam atomizers owe ihoir popularity to the relative case of manufac- 
ture, simplicity of installation, and the very high overall boiler and furnace 
efficiency realized at normal boikn* rating. The biinieis, when properly 
installed, require little attention, and one man can readily control a large 
number of burners. For rc^latively large jdants, an automatic control 
system may be installed, which regulates th(^ burners and dampers ac- 
cording to the load demands so that the labor item is practically nil ex- 
cept as required for watching and chaining tlu' buriiei’s. 

In spite of the seeming a(lvaniag(\s of steam atomization, there arc a 
number of factors which may prove objcTtionable: viz., (1) the noise 
made by the steam issuing from th(‘ burner, (2) difficulty and loss of time 
in cleaning burners, ]Xirticiilarly in “ ])a(‘k shot ” installation, (3) blow- 
pipe action of the fianu^ in (‘.oinbustion chambers of limited capacity, (4) 
extra amount of moisture in the flue gas, which may prove troublesome in 
connection with ('conornizers, (5) cost of steam used for atomizing, and 
(6) limited range in overload capacity of the boiler. Th(i majority of 
steam-burner installations i'(‘ach <Ii(dr maximum commercial capacity at 
boiler ratings of 175-200 per cent, although somc^ of the latest designs in 
connection with forcxnl draft and air regist(‘rs have been operating satis- 
factorily at 300 per cent r.ating. BoiUu- ratings of 300 per cent have beem 
maintained in modern mechanical burner plants' with ovt?rall efficiencies of 
80 per cent (without economiz(‘rs); and in sptMual tests,- boiler ratings of 
630 per cent have be('n r(^ach(;d with overall efficiencies of 76.6 per cent. 

Steam atomizeus usually opc^rate with natural or indirect draft, while 
the mechanical atomizeis generally nec(\ssitate the use of forced draft, 
although from 100 to 175 pen’ cent rating may be secured with natural 
draft. 

Steam atomizers for boiUu’ service are seldom designed to pass more than 
800 lb. of oil per hr. per burner, whv^jreas single mechanical burners have 
satisfactorily handled as much as 1500 lb. per hr. 

See also paragraph 126. ^ 

Burning Boiler Oil: Power, Aug, 7, 1923, p. 209 (Serial). 

Mechanical Atomization of Fuel Oil: Power Plant Engrg., Nov. 1, 1923, p. 1130. 

117. Fuel-oil Furnaces. — Because' of the ease with which oil fuels can 
be atomized and brought into intimatci contacit with the air for combustion, 
the furnace may be of the simph^st construction. No grates, ashpits, 


* Savannah Electric Co. Test of May 16, 1920. 

* League Island Navy Yard. Competitive burner test, 1918. 
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ignition arches, or target walls arc? necessary, and a properly proportioned 
plain chamber fulfills all requirements. The correct proportion of this 
simple furnace, however, is dependent upon a large number of factors. 



Fig. 159. Hammel Oil Burning Furnace — Low 
Setting, Steam Atomizer. 


such as type of boiler; ar- 
rangement of tubes and 
baffles; elevation of headers 
or their equivalent above the 
floor lines; number, type, and 
location of biirn(?rs; len^h 
of furnace with respect \ to 
flame travel; method \of 
admitting and controlling 
air; draft; character of 
loads; and whether or not 
the furnace is to be used 
solely for oil, or simultane- 


ously or alternately with other fuels. The volume of the combustion cham- 


ber in the latest oil-fired plants with high settings ranges from 0.2 to 0.4 cu. 


ft. per sq. ft. of boiler-heating surface, and in low settings from 0.10 to 0.15 



Fig. 160 . Oil-fircd Furnace. Narragansett Elec. Lt. Co., Mechanical Burner. 


CU. ft. A rough rule is to allow 1 cu. ft. of combustion space per b.hp.. 
to be developed. The best results have been obtained where the flame 
travel is complete without impingement on tubes, walls, or floors, and 
where as much of the bpiler-heating surface as possible is exposed to 
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radiant energy. In general, the larger the furnace and the further the 
burners arc from the tubes or heating surface, the better will be the results 
secured and the greater the overload capacity. 

Steam burners of tli(‘ flat-jet typo almost invariably operate under 
natural draft, while forcu'd draft is the more common with mechanical 
burners, particularly wIkmi lic'avy overloads are desired. The number of 
burners depemds upf)n the siz(^ and type of burner and furnace, and the 
ratings at which it is desired to operate the boiler. In order to maintain 
an even distribution of the a multiplicity of burners is preferred in 

all but th(^ small(\st boilers. It is customary, when possible, to install the 
burners in the front wall of th(‘ 
setting and project th(‘ flame 
toward the rear (“ front shoj 
but it is freqiKuitly d(\sirable to 
install them in th(' bridgewall, 
and project the flame toward 
the front (“ back shot ”). With 
boilers of the inclined-tube tyi^x', 
the latter arrangcanent minimizes 
flame impingement on the tub(‘s 
and affords increas('d furnace 
volume in the direction of the 
flames. With st(‘.am burners of 
the flat-jet type, it is current 
practice to introduce the air into 
the furnace partly around the 
burner and partly through slots 
in the furnace floor. With the 
mechanical burners, and steam burners giving a conical flame, all the 
air for combustion is admitted through air registers and diffusing vanes 
surrounding the atomizer, and at no other place. 

A modern low-set furnace of the back shot type as applied to a water- 
tube boiler is illustrated in Fig. 159. The burner tips are housed in slots 
located in the back of an arched recess in the bridgewall, and the flame is 
projected forward toward the front of ihi) furnace. The furnace floor is 
solid except for narrow air slots through the deck and in front of each 
arch. Each burner with its accompanying recess has a separate air 
tunnel leading from the boiler front; these tunnels do not communicate 
with each other under the furnace floor, so that by closing the air-admission 
door any tunned c;an be sealed up while the others are supplying air to 
their particular burners. The air entering the furnace is heated by con- 
tfLct with the incandescent floor of the furnace, the floor constituting the 



Fig. 161. Peabody-Fisher Burner as Applied 
to a 1500 Sq. Ft. Manning Boiler. 
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roof of the air tunnels. Usually one burner and air tunnel is furnished 
for each 4 ft. of furnace width. This low-set type of furnace is not intended 
for boiler ratings over 175 per cent. 

Figure 160 gives the general dimensions of the oil-fired furnace at the 
power house of the Narragansett Electric Lighting Co. as applied to a 
600 hp. B. & W. boiler, and illustrates a modern “ high-set installation. 



Fig. 162. P'urnace Volume vs. Boiler Rating. 


Figure 161 shows the application of a mechanical burner to a vertical 
fire-tube boiler. 

Figure 162 shows the relation between furnace volume and maximum 
hp. developed with 14 to 15 per cent of CO 2 and no CO. 

Burning of lAquid and Gaseous Fuels: Report of Priirie Movers Committee, N.E.L.A. 

1923, (Part B), p. 297. 

Computing Guaranteed Stoker Efficiency: Power, May 20, 1924, p. 813. 

The Storage and Hamlling of Fuel Oil in Indmtrial Plants: Mceli. ICiigrg., Nov. 1924, 

Part 2, p. 771. 

Oil Burning in Industrial-Plant and VentralStalion Service: Mecli. Pnigrg., Nt)v. 

1924, Part 2, p. 849: Apr. 1925, p. 276. 


CHAPTER VII 

FUEL AND ASH CONVEYING SYSTEMS 

118. Storage of Fuels. — The cost of fuel ajul its delivery into the 
furnace are usually the largt'st items iji the operating charges; hence, 
large central stations are located, when })ractical, at or near the mine 
mouth and adjacent to a railway line or water front in order to insure a 
continuous supply of fiud and to minimize the cost of storage and hand- 
ling. Isolated stations in the business districts of largo cities are generally 
unfavorably situated, with the nisnlt that fuel storage is limited to a very 
small quantity and the cost of (onveying is a large* leercemtage of the total 
fuel cost. Wher(!V('r the plant may be; located and whateve^r may be the 
system of transportation and conv(‘yan(‘e, provision .should be made, if 
possible, for storing a certain (piantity of find as a pi’ecaution agaiast in- 
terrupted delivery and i)ossibly (‘iiforced shut.-down. The amount to be 
stored depends upon th(! (diai'acler of the fuel it,s(‘lf, method of transporta- 
tion, space available, size; of plant, and the cost of intcirrupted service. 
In some of our larg(‘st central and isolated stations, the* fuel requirements 
are such as to necessitate immense piles of coal or reservoirs of oil for even 
a few days’ operation. There an* sev(*ral such stations burning 3000 tons 
of coal or more per day. ( )n(i w<*ek’s supply at a rah; of 3000 tons per day 
would occupy a space about 200 ft. square and 21 ft. high. The space 
occupied by fuel oil of cHiuivalent heating vahu; would be approximately 
65 per cent of that occupied by th(i coal. 

The weight of a cu. ft. of coal vaihs with the percentage of fine and 
coarse particles in the mass, the moisture (jontent, and the packing effect 
to which it may be subj«cted. The variations in weight due to fineness 
and moisture c,ontent are less than is ordinarily supposed. A mixture of 
coarse and fine, such as is usually found in stoker sizes, will remain very 
uniform in weight per cu. ft. with reasonable changes in the percentage 
of moisture. The values in Table 34 are approximate only. 

For data pertaining to the weight of different classes of fuel, consult 
“ Specific Gravity Studies of Illinois Coal,” Univ. of 111., Bui. No. 89, 
July 3, 1916; and “Weight of Various Coals,” Bureau of Mines, Tech. 
Paper 184, 1918. 
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TAHLE 34 

SPACE OCX UP I ED II Y BULK FUEL* 


Bituminous 

Cau Ft. 

per Ton 

Anthracite 

Cu Ft. 
p(.r Ton 

Pocahontas Lump and 




Egg 

35 5 

Chestnut 

34 

Pocahontas Mine-run 




and Nut. 

36 

Range 

35 

Pocahontas Slack. . . 

35 

Small Egg 

• 35 

Hockings 

41 

T.arge Egg 

36 

Screenings 

40 

Pea 

33 

Indiana Lump 

41 

Buckwheat 

32 

Mine-run 

36 

Dust 

35 

Smithing 

43 



Quaker Egg and N u1 

40 

• Coke 


Quaker Lump 

38 



Acorn Lump 

40 



New Era 

38 

Petroleum 

72 

No. 3 Washed Nut 

42 

Gas House 

66 

Wasco Lump .. 

40 

Solvay Nut 

55 


* T’eabody Coal Company. 


^Anthracite and practically all kinds of bituminous coal have been 
stored without spontaneous combustion taking place, yet, under certain 
conditions, spontaneous combustion has occurred with every kind of coal 
stored. The geological age of coal is a fair guide to its liability to heat, 
anthracite being the safest to store and lignite the most dangerous. The 
spontaneous combustion of coal is largely due to oxidation of the fine 
sizes; consequently, the liability to such combustion in stored coal is 
greatly reduced, and in many cases eliminated, if dust and fine coal can be 
kept out of the pile. The fire hazard for piles of clean-sized coal is rela- 
tively small compared with that for piles of screenings or mine-run. Most 
of the fires recorded have occurred within ninety days after the coal was 
placed in storage. The percentage of fires in piles of mixed coal is con- 
siderably greater than in piles of the same coal unmixed. Coals that are 
known to be particularly liable to spontaneous combustion should not be 
selected for storage if it is possible to avoid doing so. Coal should be 
heaped for storage so that any part of the pile can be moved promptly 
if necessary. The arrangement should be such that air cannot enter the 
pile. A number of small piles is to be preferred to one large pile, but 
space limitations usually prevent the spreading out of the fuel. The 
depth of the pile depends upon the kind of coal and local conditions, but 
experience shows that fires are more common in deep than in shallow 
piles. Coal from different fields should not be stored together. Under- 
water storage is the only positive insurance against spontaneous com- 
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bustion, since not only is the fire hazard completely eliminated, but the 
fuel does not depr(^(uate as when exposed to air. Space recpiirements, 
first cost of reservoirs, and special requirements for handling arc factors 
which must be considered in this (‘.onnection. J'\)r a description of several 
under- water storage systems, consult The Storage of Bituminous Coal,” 
by H. H. Stock, Uiiiv, of 111., Bui. No. 27, 1918, pp. 89-1 00. 

Among the many systems of unloading coal from cars or barges, and of 
storing it, may be mentioned the following: 


Hand-operated stoi age systenns 
Storage by inotoi’ triu^k 
Pile storage from cars without 
trestle 

Trestle storage 
Storage with side dump cars 
Side-hill storage 
Use of mast and gaff 
Use of cable drag scraper 
Locomotive c-raiu^ 

Gasoline and steam-operabHl cater- 
pillar caaiie 
B evolving car dumper 


Parall(‘l track storage 
Tr(\st,l(^ aiul traveling 
crane 

(Circular storage 
St(H'pl(‘ towers 
Bridge storage or gan- 
try crane 

Deep rcinforced-con- 
cret(' bins 

Skip hoist and monorail 
U IK !(' r-water storage 
Silo-type concretes and 
vitrifi(Hl-tile bins 


A description of these various systems and the methods adopted for de- 
tecting spontaneous combustion are beyond the sc.ope of this text, and 
the reader is referred to that excellent treatise “ Bituminous C^oal Storage 
Practice,” by Stock, llippard and Langtry, Univ. of 111., l^ul. No. 2, Jan. 19, 
1920. See also, lieport of Prime Movers Committee, N.U.L.A., March, 1925. 

A certain amount of (;oal should be stored, if possible, within the station 
itself. In the smalhn' plants it is customary to place the coal in an open 
pile in front of the boilers or in a bin below, or on the same level with the 
boiler-room floor. In the larger plants, it is common practice to install 
overhead bunkers so that the bud (^an Ix^ fed to the furnace by gravity 
through down spouts. In some of the latest c.entral stations, additional 
storage is provided by pits underneath or alongside the car tracks and 
within the main building itself. See Figs. 185 and 186. Overhead 
bunkers are rectangular or circular in plan and are built of steel plates 
lined with concrete, refractory materials, or reinforced concrete. The 
bottom slope should not be less than 45 degrees to the horizontal. Sus- 
pended bunkers of reinforced concrete) construction are also in evidence in 
modern plants. With certain grades of fuel, separate bunkers for each 
boiler are preferred to a large single container for the entire plant, since 
fire resulting from spontaneous combustion is more readily prevented 
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from spreading. Silo-type bins of concrete and vitrified tile are finding 
favor with many engineers where the quantity of coal to be stored is not 
very large. 

Fuel oil is stored in covered steel tanks, weather-proofed concrete tanks, 
or earthen reservoirs. Steel tanks are used in the great majority of the 
plants, but excellent results have been reported from us(*rs of concrete 
tanks. An earthen reservoir of 25,000 barrels’ capacity at the upper 
plant of the San Joaquin Light & Power Co. is said to show a loss of but 
100 barrels p(?r month through evaporation ajid seepage. . Steel tatnks 
may be placed entirely above th(^ ground or they may be partly or com- 
pletely buried, depending upon plant lo(;ation, Underwriters’ require- 
ments, and community ordinances. Concr(^te tanks are generally in- 
stalled below the ground. F or d(‘tailed description of the various systems 
of storage and for a brief outline of the rules and recpiirements of the 
National Board of Fire Underwriters for storage and use of fuel oil, consult 
the references at the end of this paragraph. 

Factors in the pontwnwis Combustiov of Coals: Mpoli. Engrg,, Dec. 1021^ p. 691. 

Pipe Line Transvassion of Crude Oil: Power I’lsint Engrg., Dec. 1, 1919, p. 1045. 

Fuel Oil Containers and Tanks: N.E.L y\., T3-1922, p. 254. 

Fedco Protccto meter Systems for Stored Coal' Power, Nov. 27, 1923, p. 850. 

Fuel-oil Storage Uvles, National Board of Fire Underwriters: Power, Nov. 4, 1919, 
p. 680. 

Oil Storage and Reservoirs: C. P. Bowie, U. 8. Bureau of Mines, Bui. No. 155, 1918. 


119. Methods of Handling Bulk Fuel and Refuse. — The best method 
of dedivering bulk fuels from ste)rage' to the furnace and of removing refuse' 
from the ashpit is the one which will e'ffoct the desired result at the lowest 
ultimate cost. That this problem does not offer a simple solution is 
evidenced by the many dive^rsifierl combinations found in practice for the 
same operating conditions. The principal factors which influence the 
choice of system are size and kx^ation of ])lant and (;ost of fuel and labor. 
In many plants, continuity of operation may be of even greater importance 
than reduction of cost, and extra investment may be considered advisable 
to offset the unreliable labor clement. Of the various methods found in 
current practice, the following are the more cemmon: 


1. Hand shoveling. 

2. Wheelbarrow or industrial 

car and shovel. 

3. Continuous conveyors: 

Spiral or screw 
Scraper or flights 
Apron and buckets 


Overlapping pivoted 
buckets 
Endless belt. 

4. Pneumatic systems : 
Pressure blowers 
Exhausters. 
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5. Hoists. 

Skip hoist 
. Grab bucket 
Traveling crane 
Jib and bracket crane 
Monorail telpher 

Coal Conveyors for Modern Power 


Platform elevator 
Continuous bucket elevator. 
6. Hydraulic systems: 

Open trench 
Closed conduit. 


Plants: Power Plant EngTR., Sept. 1/5, 1923, p. 917. 


120. Hand Shoveling. — Where possible, the coal is dumped direct 
from the cars or wagons into bins located in front of the boilers. In such 
instances one man may handle the coal and ashes and attend to the water 
level of 400 hp. of boilers equipped Avitli common hand-firc'd furnaces. 
This refers, of course, to average good coal not too high in ash nor pro- 
ductive of much clinker. With hand-shaking and dumping grates, 500 
hp. may be fired by one man, and from 1800 to 2500 hp. with automatic 
stokers into which the coal is fed by gravity. Sometimes the coal cannot 
be stored in front of the boilers, but must be hauled by wheelbarrow, cart, 
or industrial car. For distances ovi^r 100 ft. and (piantities over 20 tons 
per day, the cost of handling the coal in this way may justify the installa- 
tion of an automatic conve^^'or system.* Hand-fired furnaces and manual 
handling of coal and ashes are usually associated with small plants of 500 
hp. and under, but a number of largo stations arc operated in this way 
with apparent ec.onomy. 

Large plants, however, are generally equipped with conveying machinery, 
not so much because of the possible reduction in cost of operation, taking 
into consideration all charges fixed and operating, but because of the large 
and often unndiable labor staff with which it dispenses. Hand shovel- 
ing is somi'times necessary even with modern unloading devices and drop- 
bottom cars, on account of the poor dropping mechanism and the freezing 
of coal in the cars. This is particularly true of washed coals, and it is not 
unusual to have an entire carload solidly froz(*n. In this case, it has to be 
picked, and even dynamited, and shovcdcnl by hand, or the unloading 
tracks must be equipped with steam pipers and outfits for thawing pur- 
poses. A good man is capable of shoveling 40 to 50 tons of coal in eight 
hours when unloading a c^fxr, provided it is only necessary to shovel the 
coal overboard or through side openings. An average figure for handling 
coal by barrow and shovel is not far from 3.5 cents per ton per yard up to 
the distance of 5 yards, then about 0.25 cts. per ton per yard for each ad- 
ditional yard. The cost of handling coal and ashes in the small plant not 
equipped with conveyors or hoists varies within such limits that average 
values are without purpose. In twenty-five Chicago plants of this class, 
the cost in 1923 ranged from $1.00 to $2.50 per ton. 
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121. Continuous Conveyors. — Until quite recently, the most popular 
method of automatically handling coal and ashes was by means of con- 
tinuous conveyors and (‘levators. While certain tyjK^s of these conveyors 
are still used in the modern power house, th(‘ t(‘ndency is to do away as 
much as possible with machinery the parts of which are subject to excess- 
ive wear and high maintenance costs. For example: Horizontal con- 
veyors deptmding upon links for their operation are being supplanted by 
cables drives, and buck(‘t elevators are giving way to simple cable-operated 
hoists. Then, too, ashes and fuel are handled separately, because oi the 
abrasive action of the ash(\s, instead of Iwdng ti’ansported by the same 
systems. Continuous conveyors may be grouped into two gcmeval clashes: 

1. Those which push or i)ull the material, but in which the weight\of 
the load is not borne by the moving parts. 

2. Those which actually (^arry the load. 

A few of the more important tyi)es will be treated briefly. 

Screw or Spiral Conveyors. These consist of a stamped or rolled 
sheet-steel spiral secur(‘d by lugs to a hollow shaft (usually a standard or 
extra-heavy pipe) revolving in a trough or (uiclosed conduit which it fits 
approximately. Standard siz('s range from 3 to 18 in. in diameter and 
are made in sections from 8 to 12 ft. long. 


TABLE 35 


SPEEDS AND CAPACITIES OF SCREW CONVEYORS 
(Fine C\)al) 


Diam. screw, in.. , 
Maximum r.p.m. . 
Capacity per hr. fine 
coal, ions 


6 

7 

8 

9 

10 

12 

M 

16 

115 

no 

105 

100 

95 

90 

85 

80 


7 

14 

16 

21 

36 

48 

80 


18 

75 

no 


On account of the torsional strain ( 3 n the shaft, the maximum length 
seldom exceeds 100 ft. Single sections may be used as feeders on inclines 
up to 15 deg. Vertical screw conveyors are used for conveying certain 
materials, such as grain, cottonseed, fuller’s earth, and the like, but not 
for bulk coal or ash. Low first cost, compactness and adaptability to 
space requirements are the advantages of this type, but these may be 
offset by high power consumption and excessive wear. The following 
equation gives a means of approximating the power requirements for 
horizontal runs. 


Hp. = CTTL/33,000 


( 61 ) 
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in which 

C = 2,0 to 3.0 for coal and 2.5 to 4.0 for Jishcs, 

W = capacity in lb. per minute, 

L = length of the conveyor in feet. 

The power to operate screw conveyors depends so much upon the 
specific nature and condition of the fuel and ashes to he handled that the 
constants in the above ecpiation should be used advisc'dly. Short-length 
screw conveyors are commonly us(‘d for powdeied-coal lenders, and occa- 
sionally for siz(‘d })ulk coal, but conveyors of the screw type are not 
suitable for handling ashes. 

Scraper or Flight Conveyor. This consists of a t rough of any desired 
cross section and a singh^ or double strand of chain c.ai rying flights or 
scrapers of appioximately the saiiK' shape as tlu' trough. The flights 
scrap)e the material along the trough, discharging at thcunid through gate- 
controlled openings in the bottom of the conduit. Three typ(?s of flight 
conveyoi's are in common use: jflain scrapei*, susjKuidtHl flights, and rolI(T 
flight. In the plain scraper th(‘ flights ar(^ sus])end(Ml from th(^ chain and 
drag along tlu^ bottom of the trough. In th(^ suspended flight conveyor 
the flights are attacli(*d to cross bars having w(‘aring-shoes at each end, 
and do not touch the* ti’ough at any point. The roller flight differs from 
the suspemk'd typ(^ only in th(‘ substitution of rollers foi* the wearing- 
shoes. A typical installation of scrap(n- and drag-chain (conveyors is 
illustrated in Fig. 103. The coal conv(*yor is a singk ‘-strand roller flight, 
80 ft. in length between ccntcu's, drivcai by a 5-hp. (‘hn^tric motor. It has 
a capacity of 15 tons of buckwheat coal per hi . Th(‘ ash conveyor is a 
single-strand drag-chain with 87 ft. centers on thc‘ hoi izontal run and 6 ft. 
between vertical contx^rs. The chain operat.(‘s in an (‘xtra h(‘avy cast-iron 
trough s(‘t in a ccanc'iit trench and is o])erate(l by a 5-hp. motor. Flight 
conveyors are low priced and offer an economical and efficient means of 
handling coal and ashes in small jdants. 

Apron conveyors are commonly usr‘d for conveying coal from the track 
hopper to the main conveyor and (‘levator. Th(i most elementary form 
consists of flat st(iel plates attached between two chains and forming a 
continuous platform or apron. Since the load is carri(‘d and not dragged, 
less power is recpiired than with th(^ scraper type and the maintenance is 
lower. These carriers are not suitable for elevating material except at an 
inclination not exceeding 30 deg. End discharge only is possible. Figure 
164 shows a typical apron -conveyor installation. 

Pan Conveyors and Open-top Conveyors are similar to the apron 
carriers except that pans or buckets take the place of the flat or corru- 
gated apron plates. These conveyors are used where pans deeper than 
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those of ail apron conveyor are required, as on inclines too flat for elevators 
and too steep for efficient operation of flight or apron conveyors. Con- 



veyors of this type are usually run at speeds of 30 ft. to 50 ft. per minute 
and, when equipped with self-oiling rollers of 6-in. to 8-in. diameter, demand 
but little power for their operation above theoretical load requirements. 
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The power required to operate flight, apron, and open-top conveyors 
may be closely approximated by the following empirical equation 


Hp. = 


A WLS 
1000 


BLT 
1000 ■*' 


(62) 



Fuj. 164. Typical Aproii-tjoiiveyor Iiistallation for Handling Coal and Ashes. 


in which 

Hp. = the hp. requinxl fct the conve^yor drive shaft, 

A, H = constants as in Table 36, 

W = weight of conveyor per ft. of run, lb., 

L = distance b(?tw(Hui (HUitt^-s of head and tail sprockets, ft., 

S = speed of conveyor, ft. per min., 

T = capacity of conveyor, tons (2000 11).) per hr., 

X = 1, for conveyors up to 100 ft. centers and 2, for longer conveyors. 

^ C. K. Baldwin, The Robins Conveying Belt Co. 
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If the conveyor is composed of portions on different inclines, compute 
the power for each section separately and add 10 per cent for each change 
in direction. 

The V-bucket conveyor consists of a series of V-shaped buckets rigidly 
fastened to the conveyor chain. The buckets act essentially as a drag 
conveyor on horizontal runs, each bucket pushing its half-spilled load 



Fin. 1()5. Typical V-lliickct In.^lall.'ition for Handling Coal and Ashes 


ahead of it through a suitable trough. On voi'tical runs they act as 
elevators. A typical V-bucket conveyor for handling coal and a pan 
conveyor for handling ashes are illustratiid in Fig. 165. The power re- 
(luirwnents may bo approximate'! 1 from th(' following empirical equations: 


Hp. = 


AWL'S 

1000 


RLiT , TH 


+ T7i75b+ V2a:' 


1000 ' 1000 


( 63 ) 


in which 

U = horizontal lcnf 2 ;th of conveyor, ft., 

L\ — total horizontal lenp;th traversed by the loaded bucket, ft., 

H = total vertical traverse, ft., 

x' = number of 90-dep;. turns in the conveyor. 

Other notations as in eejuation (62) 
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TAKLE 3() 

VALUES OF CONSTANTS IN (’IIAINK’ON VEYOR I’OWEH FORMCLAS 
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The Pivoted Overlapping Bucket coTivc'yor is poihaps the most popular 
typo of coiiiinuoiis c‘oi)V(\voi* for haiulliug coal. It consists cssiaitially of a 
continuous scri(‘s of buckets pivotally suspended l)(‘twe(‘n two endless 
chains. Th(^ bui^kets at all times maintain llieir carrying position by 
gravity whether the chain is horizontal, vertical, or inclined. By means 
of this system no transba* of matca-ial is nec(‘ssary and discharge may be 
made at any desirc'd point.. Eiguni JOO giv(\s a diagiammatic arrange- 
ment of a jiivoted ov(alapi)ing-bu(;ket conveyor illustrating the principles 
of a complete coal-handling system, and Fig. 107 illiistratc;s its application 
to a typical boiler plant. 

Referring to Fig. 100, coal is fed to the crusher by the reciprocating 
feeder,’^ which is usually pla.ced directly und(‘r the track hoppijr. The 
feeder consists of a heavy steel \y]n,U) moiintcMl on rolkas and having a re- 
ciprocating movianent effected by a crank nu^chanism from the carrier. 
The amount of coal delivered depends upon tlu^ distance the plate moves, 
and this can In) vaikid by changing th(‘ throw of the eccentric. The 
number of strokes corresponds to the numb(‘r of buckets. Any size coal 
can be readily handk^d. I'ho buckets arr^ made of malleabk^ iron. The 
capacity of the smallest standard-size carrii'r is 15-20 tons per hr. at a speed 
of 30-40 ft. pel’ min., and that of the largest 200-350 tons per hr. at a speed 
of 50-80 ft. per min. When the distance from track hopper to carrier 
is so great that the n'cipi-ocating f(^(xl(‘r is not practicable, an apron or 
belt cross conveyoi is used to supply th(‘ c.rusher with fuel. 

The Hunt Conveyor, Fig. 168, while usually called a “bucket” con- 
veyor, is in fact a scries of cars connected by a chain, each having a body 
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hung on pivots and kept in an \ipright position by gravity. The chain is 
driven by pawls instead of by sprocket wheels. The “ buckets ” are up- 



Corner 


Fig. 1C6. Diiigrainnuiiic Arran geirn'iit of a Typical Overlapping, Pivotcd-bucket 
Conveyor and Appurtenances. (“Peck Carrier.’’) 



Fig. 167. Pivoted Overlapping-bucket Installation showing Location of Fine 
Coal and Ash Hopper. 

right in all positions of the chain; consequently the chain can be driven 
in any direction. The change of direction of the chain is accomplished 
by guiding the carriers over curved tracks. The chain moves slowly, 
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n ri 

I'k.’. 11)8. Dnvinii; Mi*cli/irusm jf 
Hiiiil Hiirk(‘t ( k)iiv(‘vor. 


and the capacity is povernod by the size of the hiickets. The ordinary 
size of buckets carry 2 cu. ft. of coal and iiiovi' at a rale of fifteen buckets 
a minute, carryiiif? about 40 tons per hour. Two nu'thods of fillinp; the 
buckets are employed, the “ measuring; ” and the si)oui filler.^' In the 
former, each bucket is s(']:)arately filled to a predidermiiu'd amount by a 
suitable ‘^measuring; fecnlcr.” In the 
latter, the material is s})out(ul in a (am- 
tinuous stream, uec(\ssitating the use of 
overlapping buckets to i)rev(‘Tit s]nlling; [ 

of the material. [ !( 

The power nMiuired to o])erat(' (‘arri('i‘ 
conveyors of the jjivoled-huekt't tyiK- iniiy 

be approximated from formula (till), l)v yi[\ TT\\~" / 

using th(^ j) roper valiK' for B as given j=Ll 

in T.abl( 30. ])r,vin|T Mccharusm jf 

Owing to the abrasive nature of ash, HmU Hurkrt ( Wvcyor. 

the maintiuiance cost of mechanical con- 
veyors is high. The ash grinds away the connecting pins, and, ev(‘n 
with regular renewals, tlu' jiiiis, unless of the enclosed-lubricatiMl type, 
are apt to wear (»xcessiv('ly and caus(‘ briaikdowns. A breakdown in a 
long buck(it-convcyor systcaii may cause sev(‘ral days' d(day b(‘fore the 
system can be put into oiieration again. 

Belt Conveyors hav(‘ a distinctive* advantagi* ov(‘r most; other types of 

cariiers in that they may lx* driven from any 
j point ill their lengtii. TIk* driving machinery 

TrouKili^j is extnaiK'ly simple; pow(*r is applied to one 

— I — — PI or mor(* jmlleys oveu’ which the conveyor 

[lJO= = " =itp b(4t pass(*s. Th(‘ maximum width of con- 

Rcturni.jiu« vcyoi'S is limit (‘d only by the fibei* stn^.ss in 

Fiu. 169. ArranKC'iiicnt of ('onveyors 1000 ft. from center to 

Pulleys — Bell C'oiivcvor. , , ,, V.w. . i i 

center, handling oOO tons per hr., have been 

successfully operated. Inclinations are limited by the angle of repose of 
the material. In power plant st'rvicc they s(4dom exceed 20 deg. 

The Robins Belt Conveyor, Fig. 169, consists (‘ssentially of a thick belt 
of the required width driven by suitable imllcys and carricnl upon idlers so 
arranged that the belt becomes trough-shap(‘d in cross section. For 
heavy duty, five pulleys are employed instead of threii, as illustrated, in 
order that the line of contact may more nearly approach the arc of a 
circle. The belt is constructed of woven cotton duck, 3--4 ply for 14-in. 
widths to 8-9 ply for 60-in. widths, covitihI with a spoiaal rubber com- 
pound on both sides. An extra covering 1/16 to 1/4-iii. thick is used on 
the carrying side. The rubber is thicker at the middle than at the edges, 
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Pulleys — Bell Conveyor. 
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since the wear is greatest in a line along the center, but the thickness of 
th(; belt is uniform throughout its (‘iitin^ width. The edges are reinforced 
with extra ])il(‘.s of duck to iiienvise th(‘ l(‘nsil(i strength. The idlers are 
carried by iron or wood('n framenvork, ami ar(‘ spaecal from 3 to 0 ft. be- 
tween c(*nt(‘rs on th(‘ 1 roughing sid(‘, aeeoiding to tli(‘ width of belt and the 
weight oT the load. On the reduin side thesi' distance's range from 8 to 12 
ft. II igh-sf )('('(! lot, ary brushes with intcrc'hange'alik', steel bristles pre- 
vent w(‘t, sticky mat (‘rial from clinging to the Ixdt. Automatic tripping 
dc'vices ])lac('d at th(‘ ])rop(‘r points cause th(' material to be^ discharged 
where it is n('('d('d. TIk' trippeus consist (‘ssc'iitially of two pulleys, \ one 
above and slightly in advance' of the other, the belt running over the 
ujiper and umk'r th(‘ lower one, the course of th(' Ix'lt n'sembliiig the letter 
N. mat,('i'ial is dischargc'd into chutc's on th(‘, first downward turn of 

the b('lt. d'hc' tri])])('rs may b(' movable or fixeai, single or in seri(js. Mov- 




Pk;. 170 Ifiiiul-propcllctl Tri])per for Belt CVxnvyor. 

able trippers are used wIk'ii it is dc'sired to discharge' the' le)ael evenly along 
the entire* length, as, foi- instane'.e*, in a continueius re>w of Inns, while fixeel 
trippers are e'liipleiye'el whe'ie* the leiael is to be elischargeel at certain and 
somewhat se'parated ])e)ints. The* movable tri])pers are* made* in two 
forms, haiiel-driven ” ami “ automat ie*,.” In the former they are moved 
freiin point to point by means of a hand crank. The auteimatic ” trippe^r 
is propedled by the e'einveying bedt through the medium of gearing. It 
reverses its elire'e*tion automaticiilly at eitheu’ end of the run and travels 
back and fenth cemiinuenisly, distributing its load. It can be stopped, 
reversed, or made stationary at will. 

The power reejuired to drive belt conveyors may be approximated from 
the following empirical ecpiations used by the Jeffrey Company. 

For level conveyors: 

Hp. = (CN + 2.33 T) L -r 33,000 (64) 

For inclined conveyors: 

Hp. = {CS + 2.33 T) 33,000 + T///990 (65) 
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C = constant as given in TahU' 37, 

S = belt speed ft. per min., 

T = load in tons (2000 lb.) ])('r hr., 

L = length of conv(‘yor between centers, ft., 
H — vertical lift of material. 


'PARLE 87 

POWER REQr'IUEMENTS FOR HELT CON\R']V()RS 
(('iKil :iiul Xslie-') 
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Belt-conveyor Operaliny Doln: 1 N)\vct, Orl. 8 , 1911 ), j). 490 . 
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Coal Sorted, Stored and Transported by Belt-conveyor System: Power, Oct. 10, 1923, 
p. 599. 

Using Conveyo, s in Small Plants: Ir. Td. Rev., Nov. 22, 1928, p. 1428. 


122. Skip Hoist. — The skip hoist is otk^ of the old(‘st, and at the same 
time the simplest, means of^elevating coal or asli, and is finding increasing 
favor with engineers, ])arti(mlarly in tlu^ handling of ash. It consists es- 
sentially of a vertical or inclined franui or hoistway, a bucket or car guided 
by the frame, and a cables for hoisting the bucket. The bucket is so 
pivoted, with reference to its center of gravity, as to b(^ held in the up- 
right position by its own weight, and the wiught of th(' load. A separate 
curved guide is located at the dumping point near the top of the hoistway, 
and engages a roller on each side of the buckc^t, pulling it into the dumping 
position. In the modern design the operation is entirely automatic and is 
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substantially as follows : The skip bucket is filled with coal or ash and the 
driving motor is put into service from any suitable control point. This 
automatically starts the hoist, and the bucket is raised to the dumping 
point. The arrival of the bucket at the dumping point automatically 
stops the hoist and operates a solenoid brake which holds the bucket at 
the dumping point for a predetermined lengt^h of time. Having remained 
at the dumping point long ('riough for the contents to be emptied, the bucket 
automatically returns to the foot of the hoistway, ready for another load. 

MaintenaiK^e is very low, power 
is used only when the material 
is being hoisted, and large hard 
clinkers arc easily handled; 
but initial cost is comparatively 
high. This skip hoist offers one 
of the most satisfactory means 
of elevating ash, because of its 
low cost of upkeep. 

Storage battery and gasoline 
operated trucks, hand cars and 
automatic cable cars ar(^ in use 
in several plants for handling 
coal and ashes on horizontal or 
slightly inclined runs, but they 
must be either lifted bodily by 
elevators or the contents must 

Fig. 171. Typical Skip-hoist Installation, dumped into suitable con- 

veyors for vertical lifts. 

133. Monorail: Telpherage. — The telpher is a form of hoist which lifts 
and transfers the load on a single rail or track from one point to another. 
Both hoisting and travel may be accomplished by either hand or power. 
Where electric power is uscjd, the hoist and carriage are made in two forms: 
one, in which both the hoisting and travel are controlled from the ground 
and it is necessary for the operator to walk with the carriage; the other, 
in which the operator rides in the car and manipulates the control from the 
carriage. Figure 172 illustrates a very simple and economical method 
of handling coal and ashes as installed by the Jeffrey Mfg. Co. at the 
power plant of the Scioto Traction Co., embodying the telpher systems. 
If the coal car is of the dump type, the contents are discharged directly 
into the coal pit, from which the coal is removed by grab bucket and 
transferred either to the overhead bunker or to the storage pile. If the 
coal car is of the gondola type, the coal is removed directly from the car by 
the grab bucket. The bucket is hoisted and carried on the trolley into the 
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building over the screen hoppers, where it discharges its contents; the 
finer particles fall directly into the bunker and the larg(U’ lumps are auto- 
matically delivered to the crusher. The grab bucket will take about 98 
per cent of the coal in the car, leaving only 2 per cent to be removed by 
hand. Coal is fed to the stokcu-s by means of a traveling electric hopper 
which receives its supply from the overhead bunkers. The i)resent capac- 
ity of the plant is 50 tons p(M' hr., taken from the car or i^it to stock pile. 

Pneumatic and Hydraulic Systems. See paragraph 124. 



m. Ash-handllng Systems. — While many of th(', various systems of 
handling coal can be applied to the handling of ash and other fuel refuse, 
it must be remembered that the latter may be dripping wet, red hot, dry 
and dusty, soft, hard, granular, or in the shape of large clinkers; and that 
the abrasive action of all ash, dry or wet, and the corrosive action of wet 
ash seriously affect the life and maintenance of rubbing surfaces and sheet- 
metal parts. For this reason it is good practice, particularly in large 
stations, to handle the fuel and refuse with independent systems and with 
as little machinery as practicable. 

Gravity Systems. One of the simplest and most efficient means of re- 
moving ash is to dump it directly from hopper ashpits into railroad cars, 
without the use of any machinery other than that required to open and 
close ash gates. This system is applicable only where the firing aisle is 
designed for a considerable height above ground level. Such an installa- 
tion is shown in Fig. 175. The only maintenance required is upkeep of 
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ashpit linings and dumping doors. (Caterpillar tractors, motor trucks, 
industrial cars, or wagons are used where railroad tracks do not enter 
the plant. 

The Hydraulic Conveyor or Sluice. ^Fliis system is another example of 



horizontal conveyance which has many good features. In this system a 
stream of high-velocity water flows in flumes or open conduits underneath 
the ashpit and carries the ash to waste or to a sump from which it is re- 
claimed by suitable means. With continuous-dumping stokers, such as 
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Fig. 176. 


WiitcT C\)iiv('y()r at ' 
(Jate” Station. 


Hell 


chain-grates or underfeeds equipped with clinker grinders, the ash may be 
discharged directly into the ninning stream; but with dumping stokers or 
any firing system where large clinkers are to l)e expected, the refuse is 
dumped on to a grizzly or massive bars on which the clinkers may be 
broken. Where ash is discharged intermittently, or where lai ge hoppers 

are providcul with continuous-dis- 
charge stokers, the wattu- need be 
running only while dumping is in 
progress. With natural draft, the 
ashpit should be scaled so as\ to 
prevent excess air from passing up 
the stok(^r dumps. A typical in- 
stallation of this class of c;onveyor is 
at the Hell (Jate plant, Mg. 176. 

Open fluni(‘s of concrete, with a 
bottom lining of vitrified earthen 
drain tiles, are installed below (iach 
line of boilers and discharge into a collecting cross flume which runs 
along the boiler wall near the turbine room. The cross flumes lead into 
a closed conduit which in turn dischargers into a pit near the river. The 
ash is recovered from this pit by a locomotive-type grab Inurket and dis- 
charged into scows, 
and the water over- 
flows into th(r river. 

The water supply is 
taken from the con- 
denser circulating 
discharge tunnel, 
pumped against a 
head of 75 ft. by 
three 12-in. centrif- 
ugal pumps con- 
nected to 150 hp. 
motors, and dis- 
charged into the 

flumes through a series of nozzles. At the Lacomb Station of the Denver 
Gas & Electric Light Co., the water is passed through a screen and 
recirculated instead of being discharged to waste. 

Submerged Cross-bar Conveyor. The scraper conveyor has been a 
favorite with engineers for years, but it is only within the last few years 
that this system of conveyance has been applied to water-filled troughs. 
In the latest installations, both the upper and the lower chains run under 



Fiu. 177. Ash Handling System at “ Springdale” 
Station. 




FUEL AND ASH CONVEYING SYSTEMS 


281 


the surface of the water (see Fig, 178). Ordinarily no crusher is neces- 
sary, as the space betw'ocn chains and cross bars is sufficient to allow loose 
clinkers to fall through the upper runs of the chains into the water; and 
the hot clinkers are disintcigrated by the action of the water. With 
stokers of the continuous discharge tyfx^, no ashpit is necessary and a seal 
is effected by di])ping the ash spouts below the water level of the trough. 


d 




( Siftlnua 


Ficj. 178. 



CV()ss-l)!ir Conveyor sind Water-sciil C-liain. 


There is no flow of watei*, and it is only lU'cessary to add enough makeup 
water to take can* of that absoi bed by the ash. Excess water is removed 
by elevating th(‘ dischaige end of the trough so that the surplus will 
gravitate back to the trench. 

Pneumatic Systems. Wh(‘n air is passed through a pipe at sufficiently 
high velocity, it is capable of carrying dry solid material of considerable 
size along with it . The high velocity juay be (\stablishcd by forcing air 
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Fig. 179. A Typical Vacuum Ash-handliiig System. 


through the pipe under pressure greatcir thnn atmospheric, or by creating 
a partial vacuum in the pipe. The pre.ssure system is commonly used in 
convc 5 dng powdered fuel from one point to another, and the vacuum 
system in removing refuse from ashpits and combustion ash from uptakes, 
economizers, breechings, etc. The vacuum system has also been used for 
conveying bulk coal but only to a very limited extent. 

The vacuum system consists primarily of a line of pipes into which the 
n.^hPR are fed and through which they are carried to a discharge point by 
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the air current. Ash or soot intake fittings, which can be closed when not 
in use, are installed at suitable points in th(^ pipe line, and an air intake is 
provided at the (‘xtri'ine end of the line. In some of the oldc^r plants and 
in a few motk'rn installations where conditions are favorable, the vacuum is 
created in an air-tight storage tank at the discharge end of the pipe line, 



the entire system being under a partial vacuum. This method is used 

so little in stc^arn pow(‘r plant practi(;e that no att('mi)t will b(i mad(i to 

describe it. 

Figures 179 and 180 show apiilications of the modern vacuum system 
for removing refuses fjom the ashpit-. It will be sc‘en that thc' suction is 
creatcMl by one or mon^ steam j('ts placed betwi^en 
the pifK‘ inh't and discharge tank. Only that por- 
tion of the pipe line between th(' intake openings 

and the jet is under suction, the portion beyond 

being usually under pressure. The nozzles ]iroducing 
the*, jet- ar(' of monel metal or hard bi ass and an? of 
the divergent type (angle 8 to 10 deg.). They arc 
inserted in special fittings, as shown in Figs. 181-3. 
These fittings may b(i of the straight or angle type, 
depending upon whether Thc^y are to be inserted in 
Fm'^lsT" T^^^^ sti-aight pipe run or in elbows or bends. Only 

degree Jet Elbow. nozzle, Fig. 181, is used in the angle, while two 

nozzles. Fig. 182, are ordinarily inserted in the 
straight line fitting. A single nozzle in an offset fitting, as in Fig. 183, 
is used by one manufacturer in place of twin nozzles in a straight 
run. The effective suction distance of a single-nozzle fitting is limited 
to approximately 50-80 ft. The effective discharge distance is much 
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CniinccHun 

I’kj. 1S2. Twill-jot “Booster" or 
StrjiifJilit-ruii Nozzle l'"itting. 


greater than its suction distance; therefore, in the average installa- 
tion, no additional steam unit-KS are necessary in the discharge line. For 
long runs of pipe, two or more nozzle fittings, or boosters, arc required. 
Ashes can be moved economiivilly by air conveyors through a horizontal 
distance of about 500 ft. and to a vertical elevation of about 100 ft. Pipe 
sizes range from 0 to 0 in. in internal di- 
ameter. The maximum eapar*i1y of a O-in. 
conveyor is approximately 4 ions of ash 
per hr., that of the S-in., 0 to 0 ions, and 
that of a 9-in., 10 to 15 tons. Size's above' 

9 in. are not ])ra('ii(‘:i,l Ix'causc' of the 
amount of steam n'liuired i,o prnduc(‘ the 
necessary suction. Asia's should not. b(' 

W('t or quenched wh('n fed to an air con- 
veyor, and, of course, must 1 h‘ small ('iiough 
in size to enter th(' inU't o]K'nings. Sieam-jet vacaium conveyors use a 
large quantity of st(*aui while' running; but situ'C they remove the ash very 
rapidly, the cosi- of si-c'nin p<'r ton of ash rcanoved is comparatively small, 
provided the nozzlc's are corr('(*tly proi)ortioned and the ash is supplied 
at a rate near th(‘ maximum capacity of the line. Steam-j(^t conveyors 
cannot be used with low-prc'ssure plants, since it has been found by 
experience thai. a minimum ])ressure of (>() lb. gage^ is required at the 

iiozzh' for successful operation. One 
lb. of steam will move from 6 to 16 
lb. of ash, d('pending ui)Oii the char- 
act('r of tin* ash, the initial conditions 
of th(' steam, design of nozzle and 
piping, and the rate of feeding the 
ashes into the pipe. Steam-jet vacuum 
conveyors are usually lower in first 
cost than a nu^ehanical conveyor sys- 
t('m of equal capacity, take up very 
little space, can be installed in awkward positions, result in cleaner 
basements or firing floors, and ordinarily recpiire little att(mtion. Because 
of the abrasive action of ^he ash, moving at high velocities, considerable 
erosion of the pipe and fittings takes place. The wear is greatest at 
the elbows where the direction of flow is changed, and it is customary 
to provide wearing blocks which can be readily replaced. A baffle box 
is usually instalk^d at the top of th(i ash bin, to break the force of the 
ashes just before they drop into the storage tank. A water spray should 
be installed in connection with all conveyors discharging into the open or 
into a baffle box. 



Fig. 183. Single-jet “Booster" (United 
Conveyor (Xirponition). 
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Among the popular designs of vacuum ash-handling systems may be 
mentioned those manufactured by the Conveyors Corporation of America, 
United Conveyors Corporation, Brady Conveyor Co., and M. H. Detrick 
Co. 

Ash Handling: by John Hunter and Alfred Cotton, Trans. A.S.M.E., Vol. 44, 1922, 
p. 087. 

125. Typical Installations In Modern Central Stations. — Figure 184 
shows a section through part of the boiler room of the ( -alumet Station of 
the Commonwealth Edison Co., illustrating an application of several 
types of conveyors to a modern c(‘ntral station. C'oal is delivered to the 
plant in railroad cars, which enter the boiler basement on tracks directly 
underneath the firing aisle. A traveling ( rane e(iuij)j)ed with a clam-shell 
bucket is used to remove the coal from the ears^ and to deliver it cither to 
the storage bin adjacent to the tra(^k or to a traveling hopper. This 
hopper is equipped with an oscillating feeder by means of which the fuel 
is fed to a belt conve^yor. The latter is arranged so as to deliver the coal 
directly to a pivoted-bucket c.onveyor (installed in duplicate) for immediate 
delivery to the overhead bunkers in the boiler room, or to a Bradford coal 
breaker, depending upon whether the (;oal is in the shape of screenings or 
whether it requires breaking. The coal from the breaker is carried by 
two belt conveyors, installed at right angles to ea(;h other, to a Robins 
double-roll crusher. The fuel passing through this crush(^r is finally 
delivered to the pivoted-bucket conveyors previously mentioned. The 
crusher with its associated conveyors is for emergency in case the breaker 
is out of commission. Each of the elements of th(‘ (!onvt\ying system is 
motor-driven through enclosed gear speed reducers. Ash(\s are dumped 
directly into railroad cars through piummatically operated gates. The 
ash hoppers ai-e providcxl with a sprinkling system for qu(mching the hot 
cinders and wetting the ash. 

Figure 185 shows a section through the boiler room of the Windsor 
Station of the American Gas & Electric C'O. and the West Penn. Power 
Co., illustrating a simple and efficient system of coal and ash handling. 
Coal is dumped from the railroad cars into a concrete pit which runs the 
entire length of th(' boiler room beneath the fifing aisle. From this pit 
the fuel is lifted in a 3 cu. yd. grab bucket operated from an overhead 
crane. After being weighed by a device on the crane, it is discharged into 
the individual boiler hoppers. From the hopper, the coal gravitates 
through down spouts to the stoker hopper. Ash is stored in pits and the 
accumulation dropped into transfer cars. 

In the South Meadow Station of the Hartford Electric Light Co., 
Fig. 186, coal is dumped into covered track hoppers. From the track 


1 Revolving car dumper now used for this purpose. 
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hopper, the fuel is discharged upon an apron conveyor, which delivers it 
to two roll crushers, ('hutes and by-passes pennit discharge from either 



conveyor to either crusher, also from either crusher to either of the two 
bucket elevator conveyors. These elevators deliver the coal to the 
central bunker. Drives of conveyors, crushers, and electric elevators 
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are induction motors with controls so interlocked that starting and 
stopping can be done only in proper sequence. 

126 . Powdered-fuel Conveying Systems. — Powdered fuel is usually 
moved from mill to storage, from storage to Imrner, or directly from mill 
to burner, by combinations of screw feeders and pncnimatic conveyors. 
Conditions occasionally arise, however, where it is more economical to 
convey the powdered product in bulk by tank cars, barges, etc. Among 



Fig. 185. Coal and Ash-handling System at '‘Windsor” Station. 


the popular powdered-fuel handling systems may be mentioned the Lopuleo, 
Rayco, Grindle, Quigley (now incorporated with the Fuller-Lehigh Co.), 
Fuller-Kinyon, Holbeck and that of the Ground Coal Corporation. 

In the Quigley system, the mixture of powdered fuel and air passes from 
the pulverizer through a special separator, where the oversized particles 
are removed and returned to the mill. The finished product and the air 
entraimnent are withdrawn from the top of this separator by an exhaust 
fan and discharged into an overhead vented-cycAone dust collector where 
the air and dust are separated. The pulverized fuel gravitates from the 
collector to the powdered-fuel hopper, and the air is returned to the bottom 
of the separator. From the hopper the fuel is fed by gravity into a blow- 
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ing tank, until the desired quantity has been deposited. A dust-tight 
inlet valve on top of the tank is then closed and compressed air is admitted. 
When the desired pressure' is rc'.ached, a disehiirge valve' is opened and the 
fuel is conveyed to the hopper over the furnace. The fuel is discharged 



Fig. 18 C. Coal and A.sh-handling System at “South Meadow” Station. 


through the distributing pipe in slugs, a sort of pulsometer action taking 
place between the air and fuel. Air is compressed to 100 lb. per sq. in. 
and then expanded to the pressure required to start the fuel. The air 
requirements are about 1 cu. ft. of free air for each 1.5 to 2.0 lb. of fuel 
transferred. With this system the fuel may be moved at a rate of 50 tons 
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per hr. through a 4-in. pipe for various distances up to 4000 ft. Blowing 
tanks are supplied singly or in as many units as conditions dictate. A 
notable installation of the Quigley system is in the ( !ahokia Station of the 
Union Electric Light & Power (Jo., St. Louis, Mo. A complete layout of 
a Quigley powdered-coal plant is shown diagrammatically in Fig. 187. 

In the Holbeck low-pressure distributing system, the pulverized fuel 
is delivered from the vacuum separator of the mill through an exhauster 
to the cyclone separator. The air returns to the pulverizer through a 
return pipe, while the fuel drops into a central bin and is withdrawn from 


\ 



Fig 1S7. Tj pical Powdered-fuel Plant — Quigley System. 


the bottom of the latter by a feed screw. This screw delivers the fuel 
into the suction side of a high-pressure blower. From this point on, the 
fuel is blown through the distributing mains directly to the burners. The 
remaining air and fuel, which are not used at the furnaces, are returned 
through an auxiliary line to the collector and are separated. The fuel 
returns to the bin and the air to the suction side of the blower. The 
return of the surplus air and fuel permits the maintenance of sufficient 
velocity in the distributing line to keep the fuel in suspension irrespective 
of the number of burners in operation. About 25 per cent of the air re- 
quired for combustion is used in the distributing main, a ratio of ap- 
proximately 50 cu. ft. of free air per lb. of fuel. 

Figure 188 gives the general details of the Fuller-Kinyon system. Pow- 
dered fuel is fed from the bottom of the storage hopper into the “ pump,” 
which is essentially a worm or screw revolving in a closed chamber. The 
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worm moves the fuel to the end of this chamber, where it is aerated by a 
small volume of compressc'd air. The air-fuel mixture is forced from this 
point through a reducing nozzle to the various bins. Beyond the nozzle 
is a valve which can be cIoscmI while the air line is Ix'ing blown out with 
air. Each bin is i)rovide(l will) a v('nt pipe, but no cyclone is considered 
necessar}'^ owing to the small anioimt of air used. Air recjuirements arc 
approximately 1 cu. ft. of Iimm' air jxm* lb. of powdered fuel. Air pressures 
vary with the distance and range* from 5 lb. for a horizontal distance of 
100 ft. to 5(1 lb. for a horizontal distance of 3()()() ft. Powe^r consumption 



Ficj. 18S. Typical Powdered-fuel Plant — Fullcr-Kinyon System. 


of compressor and pump varies from 1.2 to 2.0 hp-hr. per ton of fuel 
conveyed. (Sec, Power ^ Aug. 5, 1924, p. 215.) 

A notable installation of the Fullcr-Kinyon system is at the Lakeside 
Station, St. Francis, Wisconsin, of tlu^ Milwaukee Electric Railway & 
Light Co. 

Preparation, Tranaportalion ami Comhui<tiim of Powdered Coal: Bureau of Mines 
Bui. No. 217, J92i3; Power, June ."1, 1921, p. 900 

Teat of a Powdered Coal Playi: II. Kreisengcr, U. S. Bureau of Mines, Tech. Paper 
316, 1923. 

127. Fuel-oil Feeding Systems. — Oil may be transferred from the 
supply tank to the burner by (1) gravity fecid, (2) column gravity feed, 
(3) compressed air, and (4) steam or motor-driven oil pumps. All of these 
systems may be found in present-day operation, but by far the great 
majority in steam power plant practice are of the oil-pump class; for 
this reason, no attempt will be made to describe any but the pumping 


290 


STEAM POWER PLANT ENGINEERING 


systems. All oil-feeding systems must be installed in accordance with 
Underwriters' requirements and community ordinances, except, of course, 
where there* an* no restrictions and fire* insuraneie^ is not ele^sired. 

Figure 189 gives a eliagraminatic arrangeme*nt of the (iquipment and 
piping in a typical oil puinj) ” system, illustrating enirrent practice with 
burners of the^ steam-atomizing type. Ste^am-actuateel oil pumps, in- 
stalleel in duplicate!, elraw the! fued from the se*rvice tank and dediver it 
under pressure to the l)iirners. The oil sui)[)ly to the pump must be of 
sufficiently low vise!Osity to fle)w frendy. With many of the low-Baum6 


Fiq. 189 . 



DiagramniaUe! Arrangement of Pji)ing for Fuel-oil {System (Steam Burner). 


fuel oils, this necessitate!s pre*heating to b(*tweeii 90 and 110 deg. fahr. 
The piping is cross-c()imee!t(*el so that r(*pairs e!an be* maele without inter- 
nipting the service. The e)il is f()r(!cd by the i)um]) thre)ugh a heate!r re- 
ceiving its heat from the! pump exhaust. With the! sLe!am-atomizer type 
of burne*r, oil temper ature*s at the burners above 160 eleg. fahr. are seldom 
necessary. Therefore*, the pump exhaust has sufficient temperature to 
effect the necessary heating, i)rovieled, of course, the amount of ste!am is 
ample. The he*ating of the oil should not excee*el the! vaporizing pe)int 
under the existing e)il pressure, otherwise a sputtering flame may result. 
Strainers of the duplie-ate type are placed between the supply tank and 
pump suction, anel in the! oil-feed line betw'een the pump and burners 
The relief valve be*twe(*n the* pump anei burners is set at a definite maxi- 
mum oil pressure so as to prevent excessive pressure!. All oil piping is 
installed so that it e!an be drained back to the storage tank by gravity 
in case of necessity. In small plants, the oil and steam pressures are 
usually regulated by hand at each individual burner. In many plants 
the oil and atomizing steam pressures and the air supply are automatically 
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controlled. A popular autoiiiatic control, used principally on the Pacific 
Coast, is the Moore-Patent automatic fuel-oil regulating system. This 
system controls the supply of oil to all burners, the sup[)ly of the atomiz- 
ing agent to all burners, and the supply of air for combustion, for any 
number of burners, all from a, central point. In this system all individual 
burner valves, l)oth stc^ain and oil, are oi)en('d wide or nearly so, and all 
burners are ojxaatc'd undta- full pn^ssurc in th(' r(\sp('ctivc mains. In the 
larger i)laiits, all dainiKas an' connected to a common rocker shaft and 
move simultaTK'ously. A slight 
variation in the steam pr(\ssure 
on the boik'rs, due to any 
variation in the demand for 
steam, is the piimary means 
of control foi’ a sb'aju regu- 
lator or gov('nior which vari(*s 
the oil pr(‘ssur(^ at the oil pumps 
and in the oil main. The sui)- 
ply of steam to the burners is 
controlled by regulating tlu^ 
pressure in a separate' low-i)ressure main common to all burners, the 
pressure in the steam main Ix'aring a cc'rtain predetermined relationship 
to the pressure' in the' oil main and being controlled by a ratio regulator. 
By me'ans e)f a s])ecially e'onstructeel eliaphragm re'gulator, the opeuhng of 
the boile'r elaiuj)e'is is made* to increase' eu* elex'rease with a corresponding 
variation of pre^ssure^ in tlie* oil main. For a de'seription of this apparatus, 
consult Trans. A.S.M E., Vol. 30, 1000, p. 804. The' relation between 
boiler rating and e)il and steam pressures for a spenaal case is given in 
Fig. 190 
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190. Heliition Betwee^n Oil and Steam 
Bressiire — Steiiiii Atomizers, Automatic 
(\)nir()l. 


TABLE 39 

TEMriOllATUIlE OK KUEE OILS FOR MECHANICAL ATOMIZATION 
(JVfiljoily I'lipi.iecniiK Corptimtion) 


Specific Onivil.y 

of e)ila 

Dor. Baume^ 

'JVmperafuie 1o Whifli 

Oil Should l)C Uealed 
l^ahi . 

Specific CIravilv 
of ehia 

Dcr. Haume' 

I'emperature to Whicfi 
e)il Should be Heated 
Deg. Fahr. 

10.5 

330 

18 

185 

11 

315 

20 

160 

12 

290 

22 

140 

13 

270 

24 

125 

14 

250 

26 

110 

15 

230 

28 

95 

16 

210 

30 

85 
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The oil-feeding system for mechanical burners differs from that of steam 
burners only in the elimination of the steam lin(^ to burners and in the 
use of higher oil pressure's and temperatures. The pressure depends upon 
the viscosity of the oil and the rate of combustion, but ranges approxi- 
mately from 75 to 250 11). jK'r sep in. The vis(!osity of liepiid fuel is not 
strictly a function of si)(‘ciric gravity. Water-gas tar, for example, while 
very heavy (in fact, heavier than water) is at the same' time^ very fluid 
and requires no heating for us(‘ in mechanical atomiz('rs. For average 
fuel oils, the temperatures are approximately as in Tal)l(' 39. The oil 
pumps may be st('am or motor driven, })ut should he of the rotary t^lrpe 
in order to avoid pulsations. The tc'niperature of the* oil is ordinarily 
above that of the pumj) exhaust, arid th(^ heatejs an' therefon^ of the live- 
steam type. The full-line oil pressure should always be maintained at 
the tip of a mechanical atomizer, the individual burner valves always 
being left open. The variation in load may be handU'd ('iih('r by cutting 

in or cutting out the indi- 
vidual burners, or prc'ferably 
by varying the oil pressures 
at th(^ punii), or through 
th(‘ agenc^y of a master valve 
leading to the burners. 
Mechanical oil burners are 
readily controlled automat- 
ically. In the Merit Auto- 
matic Oil System the oil 
pr(’issure on the disc.harge 
side of the pump is governed 
thi’ough a steam-actuated 
master controller set, directly 
connected to the main steam 
header. This “ master- con- 
troller set,’^ located near the 
pumps, operates a damper 
interlocking device on the front of each battery of boilers and controls 
the fires and dampers in three predetermined 'steps. Separate and in- 
dependent adjustments are provided for the pressure of oil to burner, for 
flue damper and speed of fans (when used). As the mechanism con- 
trolling the fire is interlocked with that governing the draft, a change 
in the firing cannot be made' until the dampers are in proper position. 

Figure 191 gives a diagrammatic arrangement of the automatic oil- 
stoking system at the power plant of the Narragansett Electric Lighting 
Co. The mercury-sealed bells, actuated by duct pressures, control the 



Fig. 191. Diagram of Automatic! Oil-stoking 
Control Narragansett Elec. L’i’g. Co. 
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forced-draft fan throii| 2 ;h the opening of damper 1), iVlason-type regulator 
R if the fan is motor-driven, or tln’ough regulator C aiul a chronometer 
valve in the steam line if the fan is turbine-driven. M is the master 
valve operated by variation in main steam pressure by means of the 
Mason-typ(' rc^gulatoi* R: // is th(' hydraulic cylinder and piston which 
operate tli(‘ forced-draft damper, or, if it is used with steam-atomizing 
burners, the* stack tlamj^er. Water pr(\ssm*e through pipe ]* actuates the 
diaphragm valve; T’ and V' are pi’essure-reducing valves through which 
the oil passt's for a low fire. 

The Balanced-Draft, Hagan and Ruggles-Klingeman fiombustion-con- 
trol systems are also designed to ?n(*(‘t the re(|uir(‘ments of fuel-oil furnaces. 

Burning Liquid Facia- H('i)ort of IViino Movers Coinrnitfoo, N.E.L.A., T3 1922, 
p. 254; Part P, 1921^ p 297. ^ 

Fuel Oil Urdoadirig Apparatus: Power, D(*i! 7, 1920, p. S90. 

Pipe-line Trans)nission of Crude Oil: Powc'r Plant Knfi;rp:., Deo. 1, 1919, p. 1039. 

The Merit Automatic Od-stok mg Systenr Power, Get. 4, 1921, p 531. 

Efficient Heating of Od Fuel: Ind. Management, \'ol. (>0, July, 1923, p. 36. 


128. Coal-weigh Larries — Coal 1 

important to the ('conomical opera 
tion of the boiler plant as is the 
weighing of raw material to that 
of an industrial plant. It is sur- 
prising how many boik'-r plants, 
large and small, make no attempt 
whatever to weigh thc^ fuel after 
it has been delivered to the plant, 
keeping no rc'cords for dt^termining 
the fuel consumption but the fuel 
tickets furnishcHl by the distrib- 
utors. While, with certain types 
of stokers, it is possible to closely 
approximate? the rate at which fuel 
is being fed to th(? furnace by the 
speed of the grate or the number 
of strokes of the feeding ram, the 
majority of plants depend upon 
intermittent wtdghing of the sup- 
ply as it is fed to overhead bunkers 
or to the individual stoker maga- 
zines. The most popular method 
in the large modern boiler plant is 


8. — The weighing of fuel is just as 



\i ® 

Kiu. 192. Coal-weigh Larry — Hand- 
propcilled. 


te weigh the fuel in a traveling hopper scale called a larry. The tracks 
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for the larry run under the down spouts of the overhead bins or storage 
hoppers, and above or on the boiler-room floor, depending upon whether 
the track is of the suspended type or is laid on th(^ floor. The larry 
may be hand-operated and hand-propelled, inotor-propelled and hand- 
controlled, or motor-pro p(dled and motor-controlled, depending upon 
the size. Lanies ate constructed in various sizes ranging in capacity 
from 1/2 to 2.5 tons. 

Stationary weighing hoppers may be installed above each stoker maga- 
zine, but the first cost is apt to be prohibitive. A typical installation is 

shown in Fig. 193. The bot- 
toms of the overhead cob-l 
bunkers lead into the small 
[loi^pers A, A. The operation 
of any single weighing hopper 
is as follows: Coal is fed 
from the overhead bunk(?rs to 
weighing hopper H by means 
of valve 1^^. Th(^ weight of 
coal in the weighing hopper is 
transmitted by a system of 
l(‘V(a’s and knife edges to the 
enclosed scale beam I and 
notcHl in the usual way. The 
weighed charge of coal is then 
admitted to the down spout S 
by means of valves similar to 
t hose at V. Weighing hoppers 
ar(' sometimes made auto- 
I matic; that is, the opening 
and closing of valves, feeding 
of coal, and recording of 
weight are automatically per- 
formed by the weight of the 
Fig. 193. Stationary Coal-weip;liing Hoppers. coa]^ itself. The scale is set 

for discharges of a certain 
weight and continues to discharge this amount automatically. In the 
few plants which are equipped with automatic weighing hoppers, the 
capacity of the hopper is approximately 100 lb. per discharge. 

Figures 194-5 illustrate the principles of a few types of coal valves. 
They may be conveniently grouped into two classes according to the 
location of the coal pocket; (1) those drawing the coal from overhead 
bunkers and, (2) those drawing from the side of a bin. In the first class 
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come the simple slide valve and the simplex and duplex rotating valve. 
In the latter class are the flap valve and the rotating valve. They are 
made in various size's and dc'sip^is, hut those illustrated are examples of 
the more common types. The simple slide valve is applicable only to 
small-size coal and to small spouts, since coarse or him]) coal may get in 
the way and prevent i)roper closing. The simjilex valve consists of a 

rotating jaw actuated 

^ hy a lever. There are 

no rubbing surfaces, 
|V. . . I cut 

through the material 
' \vithout jamming. 

_ 3 ]]^ ^ 3 The duplex valve con- 

sists of two rotating 

Simple Slide Siniplcx Duplex 

Fig. 191. Typical Valves for Vortical Discharge. j^lWS c.onnecteci to a 

(‘ommon actuating 

lever. The ydws move simultaneously, so tliat even a partially open 
valve delivers the' coal (jc'iitrally. Whc'n the valve closes, the flow is 
gradually stopped by the dc'creasing width of thci opening and there is 
but little resistance' to the movement of the jaws. The largest valve can 
easily be operatc'd hy hand. 

The flap valves is the simplest form for di’awing coal from a side bin. It 
consists merely of an iron fla.]) hiiig(‘d to thci bottom of the chute. The 



valve is lowcrcrd to l(‘t the coal run 
over its top and is raised to stop 
the flow. It cannot be clogged or 
jammed in closing. Thc' flap is raised 
and lowered by a simple' lever. For 
very large bins, where thc valves 
arc to bo opened and cIosckI fre- 
quently, thc “ Seal on valve is usu- 
ally preferred. This valve consists 
of two jaws, EE' and TT\ pivoted 
to suitable framework at^ 0 and 
actuated by levcu’ A . Thc valve is 
shown fully closed. Raising lever 



Simple "Flop” Seaton 

Fk;. 195. Typical Coal Valves for Side 
Discharge. 


A causes the cut-off blade EE' to rotate about 0 and permits the coal 


to flow through the space bt'twcen the edge of the jaw E and the end 


of the chute. Thc cut-off blade does not reach a stop; hence there is no 


possibility of a lump of coal getting in the way and preventing the prompt 
closing of the valve. 
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Coal and Ash Handling Systems: 

Waukegan Station, Public Service Co. of Northern 111.: Power, Jan. 15, 1924, 
p. 80. Power Plant lOngrg. Jan. 15, 1924, p. 119. 

Cherry River Paper Co. : Power, Dec. 18, 1923, p. 990. 

Marysville I’lant, Detroit Edison Co.: Power, Mav 29, 1923, p. 824. 

Hell Gate Station: Power, May 2, 1922, p. 679. 

Delaware Station, Phil. Elcc. ('o.: Power, May 24, 1921, p. 806. 

Consumer Co., Milwaukee: Elec. Wld., Dec. 29, 1923, p. 1314. 


PROBLEMS 

1 . If power co.sts 1..5 cents ))er kw-hr. approximate the co.st of moving 20 tons of cool 
per hour a horizontal distance of 50 ft., by means of a screw conveyor. 

2 . Determine the power required to drive a .scraper c,onv(\vor (;arrying 50 t6ns of 
bituminous coal per hour, sliding blocks to be used. The weight of the chain and 
flights with sliding blocks is 26 lb. per linear ft., the capacity of the conveyor is 150 
tons per hour. The distance between centers of hetid and last sqirockets is 160 ft. 
and the angle of conveyor with the horizontal i.s 30 degrees. SjK'od 50 ft. per min. 

8. Determine the ])OAver recimrcd to drive a pivotc;d bucket cai rier having a capacity 
of 60 tons of coal per hour; rollers 6 in. in diameter with 1 3/8-in. pins; weight per ft. 
of empty carrier, 80 11).; horizontal length of conveyor, 400 ft.; verticial lift, 60 ft.; 4 
right angle turns; horizontal length traversed by loaded buckets, 300 ft.; speed of 
conveyor, 50 ft. per min. 

4 . Determine the i^ower required to elevate 140 tons of coal j)cr hour by mean,s of a 
24-in. belt. Speed of belt, 300 ft. per min ; vertical lift, 30 ft.; length of conveyor 
between centers, 300 ft. The system contains 3 fixed and 2 movable trippers. 

6 . A ateam-iet conveyor equipped with one 5/8-in. nozzle has a capacity of 8 tons 
of ash per hr. If the steam pressure at the nozzle is 125-lb. gage, quality of steam 
100 per cent, required the lb. of ash removed per lb. of steiiin when the system is operat- 
ing at full capacity. U.se Napier’s rule (equation 280) for calculating weight of steam 
discharged through nozzle. 

6 . What will be the cost of conveying 24 tons of ash if the convevor in Problem 5 is 
operating at full capacity and other conditions arc as follows: Heat value of the coal, 
11,500 B.t.u. per lb. as received; overall efficiency of the boiler units, 70 per cent; 
boiler pressure, 150 lb. gage; feedwater temperature, ISO deg. fa hr.; cost of coal, $5 per 
ton of 2000 lb.; fixed and operating charges other than co.st of fuel, 40 cents per 1000 
lb. of steam? 



CHAPTER VIII 


CHIMNEYS' 

129. General. — A boiler sottinii; is j)rovi(lo(l with draft for the purpose 
of properly proportioning aii' to fiu'l supply and conveying tlu^ jrroduets of 
combustion through the eomph'tc! setting, including fiirnaei^, tubes, 
economizers, (under catchers and tlu' like. 'Phe tc'rm drafl without, (piali- 
fication in reality signifies flow, but in boiler practicu; it usually refers to 
the pressure diflercncc. producing the ilow. Draft may be pi'oduced 
mechanically by means of fans, blowc'rs, and steam jeds, or thermally by 
means of chimneys. Stacks or chimneys generally offer the simplest 
means of condin^ting the products of (“ombustion l.o wast,('; and since the 
latter must be discharged at a sutlicient elevation to pn'vent their benng 
a public nuisance', th(^ height of stack lu'c-essai'v to ('Hect this result is often 
sufficient to create the retpiired draft. Even if considerable height must 
be added to th(' stack over and above that rc'epured to discharge tlu! gases 
at a given elevation, the extra cost may be considc'rably less than that 
incident to mechanical draft opciration. For this reason th(! majority of 
small and moderately sized .steam power plants (k'lH'iid upon chimneys 
for draft. In large* plants ecpnpjx'd with forc('d-draft stokci's and cinder 
catchers, or where fuel is buriKHl at a high rate* of combustion, or where 
economizers are used for abstracting heat fnem tlu; fluci gases, mechanical 
draft is commonly employed; but even in th(!S(‘ cases a stack is necessary 
to dispose of the products of combustion. 

130. Chimney Draft. — When in operatiern, a chimney is filled with a 
column of gases with higher average temperature; than that of the sur- 
rounding air. As a nssult, the den.sity of the gases within the stack is less 
than that of the outer air, and the pr(;.ssurc at the bottom of the column 
is less inside the stack than it is outside. 

The theoretical rnaximuijfi stati(! draft of a chimney is the difference in 
weight of the column of heated gas inside the stack and of a column of 
outside air of the same height. This maximum can be realized only when 
there is no flow and there is no transfer of heat, or leakage of air into the 
chimney. 

' In this text the terras “ chimney ” and " .stack ” are u,sed synonymoasly. Builders 
occasionally apply the term “ cliimney ” to the masonry and concrete structures, and 
“ stack " to the steel structures. 
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Let D = maximum theoretical static draft, in. of water. 

H = effective height of the chimney, ft. 

da = mean density of the outside air, 11). per cu. ft. 

dc = mean density of the inside gas, lb. per tai. ft. 

0.192 = factor for converting pressure in lb. per scj. ft. to in. of water. 

Then 

D = 0.102 H (da - dc) (06) 

While equation (66) offers a simple and accui ate means of vleterinining 
the maximum draft pressure for spe(a‘fied densitic's, it is not easily applied 
in commercial design becaiisci of the number of variable factors influencing 
the densities. Thus, the density of atmospheric air may be expressed: 

]> _ /,/ > 

da = ^ 77 ,^^ (67) 

in which 

P = observed baj oTuetric pressure, in. of mercury at 32 deg. fahr. 
h = relative humidity of the air 

Py = pressures of saturated vapor at temperature Ta, in. of mercury 
Ta = absolute t(‘mp(‘ratur(' of the air, deg. fahr. 
dr, = density of saturaUid vapor at temperature Ta and P,. in. 
pressure, lb. per c.u. ft. 

Similarly, the density of the chimn(\y gas(\s may b(^ expressed; 

dc = Kda (Ta - Tc) ( 68 ) 

in which 

K = ratio of the demsity of chimney gas to that of dry air at the 
saiiK' pressure and teinp(Tature. 

Tc = absolute mean temperatures of the chimney gases, deg. fahr. 

By combining eepiations 66, 67, and 68, wc may obtain an expression 
which contains all of the variables except those involving the effect of air 
currents across the top of the stack, or, in case, of absence of wind, the in- 
fluence of the heated column of gas above the chiiniKiy mouth. Some 
idea of the extreme variation, in general power plant practiccj, of the in- 
fluencing factors may be gained from the following summary: 

P, the barometric pressures, decreases approximately 1 in. of mercury 
for every 1000 ft. increase in altitude, and for a given altitude the extreme 
meteorological variation is as great as 2.0 in. of mercury. 

1 For derivation of this equation see equations (193-5) and (441). 
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hP^ ranges from 0.03 in. of mercury in extremely cold, dry weather to 


1.0 in. on hot, humid days. 

Taj the outside temperature, may 
range from —10 deg. fahr. or lower to 
110 deg. or even higher. 

hdj, ranges from 0.00Q032 lb. pc^r cu. 
ft. in extremely cold weather to 0.0015 
in. on hot, humid days. 

K ranges from 1.07 for dry fuels high 
in carbon content, to 0.94 for fuels 
producing flue gases high in moisluie 
content. 

Tcj the mean temperature^ of the 
chimney gases, may range from 800 
deg. fahr. or more to as low as 200 




Temperature of Chimney Gases, De^ Fahr. 

Index Height, Ft. Diam., Ft. Make 

AA 250 JS Itadial Brick 

A'A' 250 IS Itadial Brick 

BB 100 3 Steel, IJiiliiiprJ 

CC 160 ^ Radial Brick 

DD 102 *3 X 3 Common Bric.k 

EE 332 t7 X 10 Steel, Lined 

♦Square tCircular Enda 

Fig. 197. Temperature Variations in 
Chimneys. 


Dialauce from Base, Feet 

Fig. 196. Temperature Variations 
in a 150-ft. Chimney at Different 
Hates of Combustion. 

deg. Temperatures below 350 deg. 
are seldom experienced except in 
connection with economizer prac- 
tice. Because of th(i increased 
height of stack necessary to neu- 
tralize the reduction in stack tem- 
peratures, economizer installations 
are commonly made with mechan- 
ical draft. Attimtion should be 
calkxi to the fact that the actual 
temperature of the chimney gases 
is not constant but decreases from 
the flue entrance to the top because 
of air infiltration and heat losses. 
This reduction in temperature varies 
with the type, size, and construction 
of th(^ stack, temperature difference 
between the chimney gases and the 
outside air, velocity and direction of 
outside air currents, and numerous 
other factors. Some idea of the 
drop in temperature for a few specific 


cases may be gained from inspection of the curves in Figs. 196 and 197. 
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Loss of Heat in Brick Chimneys: Alfred Cotton, Power Plant Kngrg, Aug. 1, 1921, 
p. 747. 

Experiments on Stack Performance: Julian Smallwood, Power, S(;pt. 16, 1919, p. 464. 

Because of the f^rcat riurul)er of variables and the extreme range in the 
values of th(‘ influencing factors, it is customary, where specific data are 
not available, to eliminate' all but the more important variables: Thus, 
eliminating hP^ and and assuming K = 1, (upjations (()(>) to (68) 
may be combined and reduced to the following form: 

1) = 0.255 p(-^^ - H (69) 

An examination of (equation ((>9) will show that for a given set of operat- 
ing conditions the maximum static draft is independent of the stack 
diameter and vari(\s rlirectly with the height. 

The valuers in Tables 40 an^ bas(‘d on eejuation (69). 


1 APLE 40 

THEORETICAL MAXIMUM DRAFT rilESSUUE IN IN. OF WATER, CHIMNEY 100 FT. HIGH 


Moan 


Tcnijioiahirc of External Air, Dor. Falir. Jiaroinolcr 29.92 In of Mercury 


Chimney 

GllHOfl, 

Dep. Fiihr 

0 

10 

20 

30 

40 

50 

00 

70 

80 

on 

100 

200 

0.502 

0.467 

0.433 

0*102 

0 370 

0.340 

0.313 

0.285 

0.257 

0.231 

0 206 

220 

0.536 

0.501 

0 407 

0.435 

0 404 

0 374 

0.347 

0.319 

0 290 

0 265 

0.240 

240 

0.56S 

0.533 

0.500 

0.467 

0.434 

0 406 

0.377 

0.351 

0.323 

0 297 

0 272 

260 

0.59S 

o.r,o4 

0.529 

0.497 

0 466 

0 436 

0.407 

0.379 

0.353 

0.:127 

0.302 

280 

0 623 

0.r)!)2 

0.55S 

0.525 

0.494 

0 465 

0.436 

0.409 

0 382 

0 35G 

0.331 

300 

0.654 

0.010 

0 585 

0.553 

0.521 

0.492 

0.463 

0.435 

0.409 

0 383 

0.358 

320 

0.680 

0 644 

0.611 

0.578 

0.547 

0.518 

0.488 

0.461 

0.438 

0 409 

0.384 

340 

0.704 

0.669 

0.635 

0.603 

0.572 

0.542 

0.513 

0.485 

0.459 

0.433 

0.408 

360 

0.727 

0.092 

0.65S 

0.626 

0.595 

0 567 

0.536 

0.508 

0.482 

0 456 

0.432 

380 

0 750 

0.715 

0.681 

0.648 

0.617 

0.587 

0.55S 

0.531 

0.501 

0 478 

0.454 

400 

0.771 

0.7:i6 

0.702 

0.670 

0.638 

0.608 

0.579 

0.552 

0.525 

0 500 

0.475 

420 

0 791 

0 75() 

0.722 

0.690 

0.659 

0.629 

0 600 

0 572 

0.545 

0 520 

0.496 

440 

O.SIO 

0.775 

0 741 

0.708 

0.680 

0 6*18 

0.619 

0 592 

0.565 

0.539 

0.514 

460 

0.S2S 

0 794 

0.760 

0.728 

0.096 

0.666 

0.637 

0.610 

0.583 

0.557 

0.533 

480 

0.S46 

0.811 

0.778 

0.715 

0.714 

0.684 

0 ()55 

0.627 

0.601 

0.575 

0 5.50 

500 

0.862 

0 828 

0 791 

0.762 

0.733 

0 701 

0 672 

0.644 

0 618 

0.592 

0.567 

520 

0.880 

0.845 

0.811 

0.778 

0.747 

0 717 

n 688 

0 060 

0.634 

0 608 

0..583 

540 

0 894 

0.860 

0.826 

0.794 

0.763 

0.732 

0 704 

0.676 

0.650 

0.624 

0.599 

560 

0.910 

0.S7J 

0.841 

0.809 

0.778 

0.747 

0.718 

0.091 

0.664 

0.639 

0.614 

580 

0.925 

0 sss 

0 S51 

0.823 

0.792 

0.762 

0.734 

0.706 

0.679 

0.G54 

0.629 

600 

0.938 

0.90.3 

0.870 

0.838 

0 807 

0.776 

0.747 

0.719 

0.693 

0.667 

0.643 

650 

0.971 

0 936 

0.902 

0.869 

0 838 

0 810 

0.780 

0.752 

0.725 

0.699 

0.675 

700 

1.002 

0.970 

0.932 

0.899 

0.868 

0.837 

0.809 

0.781 

0 755 

0 729 

0.704 

750 

1.027 

0.993 

0.959 

0.926 

0.895 

0.865 

0.836 

0.808 

0.782 

0.756 

0.731 


These values are based on the assumption that the chimney gases have the same 
density as the outside air. 
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1. For any other height, multiply the tabular quantity by Il/lOO where H is the 
height in ft. 

2. For any other pressure, multiply the tabular quantity by P/29.92 where P is the 
pressure in in. of mercury. 

This equation gives results within 5 per cent of those calculated from the 
more exact laws, for all but (extreme conditions — a negligible error con- 
sidering the probable range in the assumed values for P, Ta and Tc. In 
applying equation (09) to the d(‘sign of power plant chimneys, it is common 
practice to t^ke P as the average barometric pressur(' for the locality in 
which the stack is to be built, and as the average' teuiqK'iature of the 
outside air. Tc may be approximated from curve's sue‘h as sheiwii in Fig. 
197; or, where spee;ifie; elata are not available, it is takeui as 0.8 that of 
the flue gases entering the breeediing. See F'ig. 05 for influence e^f rate of 
driving on flue-gas temperatures for a number of types of boilers. 

Example 23. — Ree|uired the maximum the^oretical draft pressure which 
may be expedited from a brick (ihimney 175 ft. high, by 90 in. diamciter, 
for the following assumed conditions: Barometer, 29.5 in.; temperature 
of outsider air, 00 deg. fahr.; temperature of gases entering base of stack, 
550 deg. fahr. 

Solution. — Here P = 29.5; = 400 + 00 = 520; Tc = 0.8 X 550 

+ 460 = 900 (0.8 = assumed factor for temperature reduction). Sub- 
stituting these values in equation (09) and reducing 

D. 0.255 X 29.5 (i-i) 175 
= 1.07 in. of water. 

As soon as a flow is established, the static draft will decrease, since part 
of this potential energy is required to impart vt'locity to the gases and 
overcome the resistance of the cdiimney walls. Furthermore, the breech- 
ing, boiler, damper, baffles and tub('s, and the bed and gratc' all retard 
the passage of the gases, and the draft from the chimney is recpiired to 
overcome these resistances. If an (economizer or a cinder catcher is used, 
this adds a further pressure drop. Neglecting leakage and minor in- 
fluences, the various pressure? losses may be expressed : 

B = D^ + I\ + D^ + D^ + Di + De + Dr (70) 

in which D is the maximum theoretical static draft, the pressure drop 
through the fuel and grate necessary to effect the desired rate of com- 
bustion, Bh the drop through the boiler, D„ the draft pressure required to 
accelerate the gases from breeching to stack velocity, and D^, Bj, Bcj Br, 
the respective pressure drops through the damper, flue, chimney, and right 
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angle turns into the breeching. Transposing equation (70) we have 

D, + Ih + Drf = i) - (/). + Dj+ Dr + D,) (71) 

Dg + Dh + Dd is th(i static draft required at the stack side of the damper. 
D — Dcy is the effective draft of the chimney and D — {Dc + Df Df 
+ /).) is the available draft at the stack side of the damper. 

All of theses pressun' lossc's inci'ease approximately with the square of 
the velocity of flow and may l)e expressed mathcmiatically; but owing to 
extreme diversity in oix'rating conditions, many of the factors entering 
into th(^ analysis can only be roughly approximated, with the ultimaie 
result that th(‘ calculated values are more or less arbitrary. Considering 
the losses in tho oi-d(‘r given in ecjuatioii (70): 

Dj the total or maximum static draft, n^ay l)e calculated from equation 
(69). The limitat-ious of this formula have Ixhui pn^viously shown. Dgj 
the resistance of th(‘ fuel bed and grate vari(\s with th(' kind and condition 
of the fuel, thickness of fire, type of grate, and efficiency of combustion, 
and can only bc‘ found accuirately by experiment. P'or ('very kind of fuel 
and rate of c.ombustion th(U’(^ is a certain draft with which the best results 
are obtained. Tlu' curves in P'ig. 60 may be used as a general guide, but 
the values aj’c only ai)pr()ximat(‘, because the moisture and dust content 
are not considered. A fiK'l containing 40 per cent of dust that will pass a 
1/8 in. round screxm can be burned at only about 60 per cent of the rate 
which can be secured with the same draft from coal containing only 5 or 
10 per cent of dust. Under certain conditions the addition of water to the 
dust will greatly rcxluce the fuel-bed resistance. The percentage of solids 
in coal also affc'cts the draft, as will be seen from inspection of Table 41. 
Dg does not enter into the chimney d(^sign for oil, gas, and powdered fuel, 
since there is no grat(' and the fuel is burned in suspension. This is also 
the case with forced draft equipment in which the fuel-bed resistance is 
overcome by the fan or equivalent. In certain typ(^s of oil, gas, or 
powdered-fiK'l furnaces, all or a part of the air for combustion is pre- 
heated before it enters the combustion zone. The resistance of the pre- 
heating passages to th(^ flow of air may be designated as Da and should 
take the place of Dg in general equation (70)^ Specific data for any type 
of furnace equipment may be had from the manufacturers. 

Dft, the l(xss of draft through the boiler and setting, varies within wide 
limits, depending upon the type and size of Ijoiler, arrangement of tubes 
and baffles, design of setting, type of grate, nature of the fuel, air excess, 
and rate of driving, and range's from l(\ss than 0.1 in. to 1.0 in. and over. 
The data given in Table 30 and Fig. 63 may be used as a guide in approxi- 
mating the extent of inessure drops for different types of boilers and set- 
tings. The values in the table apply to hand-fired grates having an air 
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TABLE 41 

INFLUBNCB OF SOLID CONSTITUENTS ON THE RESISTANCE THROUGH FUEL BED AND 

GRATE 

(Worker and Peebles) 

Natural-draft Stokers 


IVcHsiiro Drop Through h’uel Bod and Grate 
In of Water 


Rate of Combustion 

Lb. per Sq Ft. Solid CoustituentH, Fixed Carbon, l^lus Asli, 

G. S. per Hr. Per C’ent 



40 

50 

GO 

70 

80 

10 

0 02 

0 03 

0 05 

0.07 

0 10 

15 

0.07 

• 0 09 

0 10 

0 13 

0.17 

20 

0 11 

0 13 

0 16 

0 20 

0.26 

25 

0 16 

0 21 

0 23 

0 29 

0 36 

30 

0 22 

0 27 

0 31 

0 3 S 

0 46 

35 

0.30 

0 36 

0 41 

0.49 

0.58 

40 

0 37 

0 43 

0.50 

0 60 

0.70 

45 

0.45 

0 52 

0.61 

0 72 

0.87 

50 

0 52 

0 60 

0.71 

0.83 

1 03 


Vnderfeed Stokers 


Rate of Combustion 
Lb. per Sq. Ft. 

G. S. per Hr. 

Wmd-liox PreH.sure, In. of W.'iter 

Solid ConatituentH, Fixed Carbon, Plus Ash, 

I*er Cent 

40 

50 

GO 

70 

80 • 

20 

0.6 

1 

0.7 

0.8 

1.0 

1.3 

25 

0.8 

1 0 

1 2 

1.4 

1.7 

30 

1.1 

1 4 

1 6 

1.8 

2.1 

35 

1 4 

1 7 

2 0 

2.3 

2.5 

40 

1.7 

2 0 

2 3 

2 7 

3.0 

45 

2 0 

2.3 

2 7 

3.1 

3.5 

50 

2.3 

2 7 

3.2 

3.6 

4.1 

55 

2.6 

3 1 

3.6 

4.1 

4.6 

60 

3 0 

3.5 

4 1 

4.7 

5.9 

• 65 

3 4 

4 0 

4.6 

5 2 

6.0 

70 

3 9 e * 

4 5 

5.2 

6 0 1 

6.7 


space of 45 to 55 per cent and rates of combustion ranging from 20 to 30 
lb. of Illinois coal per sq. ft. of grate surface. They also apply to mechani- 
cal stokers of the natural-draft type, burning 20 to 40 lb. of coal per sq. 
ft. of grate surface, with the capacities in either case ranging from rating 
to 50 per cent overload. The relative pressure drop increases with the 
load, -but there appears to be no close relationship between these two 
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factors for different boiler equipments. Specific figures may be obtained 
from boiler manufacturers. 

the draft required to accelerate the gases, varies in accordance 
with the law 

n = - V.}) ^ 2g (72) 

in which 

h = head in ft. of gas producing the velocity, 

V 2 = velocity through the damper opening, ft. per sec., 

Vi = mean stack velocity, ft. per sec., 
g = acceleration of giavity = 32.2 (approx.). 


Assuming a gas density of 0.085 lb. per cu. ft. at 32 deg. fahr. and 14.7 
lb. per s(p in. pressure, and reducing head iff ft. of gas to pressure in in. of 
water, equations (69) and (72) give 


in which 


D, = 0.124 





(73) 


Pa = observed barometric pressure, lb. per sq. in., 

P = one standard atmosphere = 14.7 lb. per sq. in., 
Tc = abs. temperature of the chimney gases, deg. fahr. 


The pr('ssur(^ drop necessary to accelerate the gases in their passage 
through the boiler up to the damper is included in the values assigned for 
Dg and Dt and hence nec'd not be considered. The draft required to ac- 
celerate the gases from the velocity leaving th(' boiler to that in the stack 
is ordinarily small and may be neglected, but in case of high velocity 
differences, 10 ft. per sec;, or more, it should be included in the total 
pressure drop. 

Dd, the loss of draft through the damper, is varied arbitrarily to meet 
the load requirements. The minimum value of Dd corresponding to 
“ wide open damper is usually included in the boiler loss Dt. 

The commonly accepted rules for determining the friction loss Dg 
through the chimney are all based on Chez^s formula which may be 
expressed 

Dg = KV^H DTg (74) 

in which 

Dg = friction loss in in. of water, 

K = coefficient including the coefficient of friction and the various re- 
duction factors, 
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= 0.008 (This is the algebraic mean of the values assumed by various 
authorities), 

V = velocity of the gases, ft. per sec., 

H = height of stack above the breeching, ft., 

D = diameter of the stack, ft., 

Tc = mean abs. temperatun^ of the chimney gases. 

A study of equation (74) will show that, all other conditions remaining 
unchanged, the draft loss due to chimney friction is in direct proportion 
to the height. From equation (GO) it. will be seen that the static draft is 
also directly proportional to th(‘ height. Doubling the height doubles 
both static draft and the friction loss, but the maximum (capacity is 
unaltered. 

When the velocity reaches.the point where ])c is ecjual to the static 
draft, the maximum capacity of the chimney is attainc^d. 

The values in Table 42 are based on ecpiation (74). 

Considering weight of the gases instead of velocity, equation (74) reduces 
to the form 

J), = h W^H T, - (75) 

in which k is a co(^fficient, including the coeffici(mt of fri(‘tion and the 
various reduction constants. 

= 1.9 for the constant K = 0.008 in equation (74). C. U. Weymouth, 
Transactions A.S.M.E., Vol. 34, 1912, p. 652, gives k a value of 2.3. 

W = weight of chimne^y gases, lb. per sec., 
d = diameter of the stack, in. 

Other notations as in equation (74). 

It can be shown^ that the capacity of the chimney, expressed in weight 
of gases mov('d whik' providing practical draft at th(' base', is greatest at 
a little over GOO deg. fahr., and that the capacity falls off when this tem- 
perature is exceeded. 

Df, the draft resistance of the flue, or breeching, varies with the size, 
shape, and construction of the conduit, and may be calculated by means 
of either equation (74) or (75). In applying these equations to flue cal- 
culations, substitute thc^ Icyagth of flue for H and the diameter or equiva- 
lent for d. The coefficients K and k for the resistance of the flue are or- 
dinarily taken as 20 per cent higher than that for the cdiimneys. The 
resistance of square flues is approximately 12 per cent, and that of rect- 
angular flues (ratio 1 1/2 to 1) 15 per cent greater than that of round 
flues of the same area. A common rule is to allow 0.1 in. of water pressure 
drop per 100 linear feet of flue. Sec also equations 123-4. 

1 Chimney Sizesj Alfred Cotton, Trans. A.H.M.E., Vol. 45, 1923. 
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TABLE 42 

DRAFT LOSS I'ER 100 FT. OF' A H RICK-LINED CIIIMNET 
Tl:in)niolor 2!) 02 In of Mercury 
MciMi IVin peril (lire of 540 Deg. Falir. 


Ft. 

10 

15 

20 

25 

30 

35 

40 

45 

60 

4 

0 020 

0 045 

0 OHO 

0 135 

0.180 

0 245 

0.320 

0 405 

0 500 

5 

0 016 

0 036 

0 iWA 

0 108 

0.144 

0 196 

0 246 

0 324 

0 400\ 

() 

0 013 

0 030 

0 053 

0 090 

0.120 

0 166 

0 220 

0 270 

0 333', 

7 

0 01 1 

0 026 

0 016 

0 077 

0.103 

0 140 

0.182 

0 232 

0 286 

8 

0 010 

0 022 

0 010 

0 067 

0.090 

0 122 

0 160 

0.202 

0.250 

9 


0 020 

0 036 

0 060 

0 080 

0 109 

0.142 

0 180 

0 220 

10 


0 01 s 

0 032 

0 054 

0 072 

0 098 

0.128 

0 162 

0 200 

11 


0 016 

0 029 

0 049 

0 (11)5 

0 089 

0 116 

0.147 

0.184 

12 


0 01 1 

0 027 

0 045 

0 060 

0 082 

0 107 

0 135 

0.167 

13 


0 01 1 

0 026 

0 041 

0.058 

0 078 

0.104 

0 131 

0.162 

14 


0 013 

0 023 

0 038 

0 051 

0 070 

0 091 

0 120 

0.143 

15 


0 012 

0 021 

0 036 

0 048 

0 (K)5 

0 085 

0 108 

0 133 

16 


0 on 

0 020 

0 034 

0 045 

0 061 

0 080 

0 101 

0 125 

17 


0 010 

0 019 

0 032 

0 042 

0 057 

0 075 

0 095 

0 118 

18 



0 OIS 

0 030 

0 040 

0 054 

0 071 

0 090 

0.111 

19 



0 017 

0 02S 

0 038 

0 051 

0 067 

0 085 

0 105 

20 



0 016 

0 027 

0.036 

0 049 

0 064 

0 081 

0 100 


For any height or length // in feet, rnultipl 3 ^ by 0.01 //. 

For any other pressure, multiply by yV20.02 where P is in in. of mercury. 
For any other temperature /, multiply by 0 001 (/ 400). 


the pressure drop due to right turns, is freciueiitly taken as equiva- 
lent to 0.4 th(' velocity head, and may lx* calculated from ec[uation (73) 
by making = G, and substituting 0.05 for the constant. Some en- 
gineers assume that the resistance of a turn is equivalent to that of 50 ft. 
of breeching, and otlu'rs assume it to be ei^uivalent to the drop in a flue 
ten diameters long. A rule' of thumb is to allow 0.05 in. of water per 
turn. The discrepancy in results from applying these rules to an assumed 
set of conditions is decidedly marked. Preference is given to the first 
rule. 

An examination of equations (74) and (75) will show that the friction 
draft loss of the chimney cannot be calculatec^ directly unless the height 
and diameter arc' known. Since these are the quantities to be determined, 
it is evident that th(^ prohUan lends itself only to a “ cut and try ” analysis, 
provided the efpiations ar(' to be satisfied. // the various pressure drops 
wfluencing the height of the stack could he calculated or estimated with any 
degree of accuracy y there would he some reason for exact analysis, but the 
arbitrary values assigned in practice vary so ividely that such analyses are 
ordinarily without purpose. Furthermore, the friction loss through the 
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chimney is only a comparatively small pcrcentap;o of the total loss (except 
for high velocities); hence a careful calculation of the chimney friction, 
along with guesswork in estimating the other lossc's is highly inconsistent. 
Scattering tests made on a number of tall chimneys in su(*cessfiil operation 
show that th(^ effective pressure at maximum lating is not far from 80 
per cent of the theoretical maximum static pressure. (This factor allows 
for the drop in temperature' of the' chimney gases and for tlu' drop in pres- 
sure due to friction.) Assuming this to hold true for chimneys in general, 
the problem. of determining the height becomes a comparatively simple 
one. In view of the uncertainty of many of the inlliienciug factors, results 
based upon this assum[)tion are perhaps fully as reliable as those calculated 
from the various formulas, at least, for the average plant. 

A well-designed cc'.ntral chinyiey, serving several boilers and subject to 
considerable load variation, should have comparativ('ly low stack and 
breeching friction in order to insure “ draft regulation.” While a (certain 
draft margin is necessary, it should be tlui aim to provide a chimney with 
the least possible excess draft over the nec(*ssary maximunj, future require- 
ments, of course, being considered. Tor very high stacks, such as are re- 
quired in tall offic.e buildings, the diameter is ttiade v(‘ry small so that a 
considerable portion of the pressure drop will occui* in the stack and l)reech- 
ing; otherwise the draft will be excessive ('ven with throttled damper. 

The Significance of Drafla m Steam Boder Practice: U. S. Bureau of Minos, Bui. 
No. 21, 1911. 

Draft and Capacity of Chimneys: Combustion, Mar., 1924, p. ISO; May, 1924, p. 354. 

131 , Chimney Proportions. — A study of equations (09) to (75) will 
show that any required effective draft may l)e obtained from various 
combinations of heights and diameters. Evidently, th('re must be a (;er- 
tain height and diameter which will produce the cheapest structure. In 
practice this particular combination c.annot be predetcuinined with any 
degree of accuracy because of the' uncertainty of the various factors enter- 
ing into the problem of calculating the height and diameters. Tor an as- 
sumed set of conditions, the logical procedure is to calculate a trial area 
for an arbitrary velocity, and then to proportion the height so that the 
maximum weight of gases generated may be discharged against the as- 
sumed frictional resistances. By cut and try ” a nurnbe^r of combina- 
tions of heights and diameters may be calculated which will give the re- 
quired effective draft. The costs of the various structures may then be 
estimated and a selection made. 

For small stacks, this degree of refinement is seldom attempted, and the 
usual procedure is to calculate a height compatible with the assumed 
pressure losses (subject, of course, to community laws), and proportion 
the arc^t by rules which are more or less empirical. 
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Example 24. — Proportion a brick-linod stack for water-tube boilers 
(14 hi^rh, vertical thn^e-pass standard bafflinp;) rated at 0000 hp., equipped 
with natural-draft chain grates and burning Illinois coal; boilers rated at 
10 s(p ft. of h(^ating surfaces per hp.; ratio of heating surface to grate 
surface, 40 to 1 ; hue 100 ft. long with two right-angle i)en(ls; stack to be 
able to carry 200 p(M’ cent of boilcT rating; atiuosihieric teinperature 00 
deg. fahr.; sea level; calorific value of the coal 11,200 B.t.u. per lb.; 
steam pressun^ 250 lb. gag(\ 

Solution. — A modern plant of this typ(^ and size should be able to 
maintain a combin(‘d boiler, furnace, and grate efficiency of approximately 
70 per cent at 200 per (!(‘nt, rating. \ 

Maximum b.hp. 0000 X 2 = 12,000. 

Heat eciuivalent of 1 b.hi)-hr. = 34.5 X 970.4 = 33,479 B.t.u. 

Coal p(‘r b.hi)-hr. = 33,479 (11,20(; X 0.70) = 4.3 lb. approx. 

Total grate surface = ((iOOO X 10) 40 = 1500 s(|. ft. 

Total coal burncxl i)cr hr. = 4.3 X 12,()0b = 51,000 lb. 

Maximum rate of combustion = 51,000/1500 = 34.5 lb. per sq. ft. grate 
surfacio per lu'. 

For 70 per c,ent combined efficiency, the air excess with a natural-draft 
chain grate and Illinois coal may range from 50 to 75 per cent. To take 
care of possible reduction in efficiency, k'akage, and other adverse inhu- 
cnces, assume a total air excess of 100 per cent. 

Theoretical air p(‘j- 10,000 B.t.u. is approximately 7.5 lb. (see Table 12). 

Theoretical air i)er lb. of coal = (7.5 X 11,200) 10,000 = 8.4 lb. 

Actual air \wv 11). of coal = 8.4 X 2 = 10.8 lb. 

Probable w(Mght of hue gas per lb. of coal = 17.5 lb. 

If the ultimate analysis of the coal is known, the weight of the products 
of combustion may be calculated as shown in paragraph (44). 

Weight of the hue gas = (17.5 X 51,000) 3000 == 250 lb. per sec. 

Total volume of Hue gas = 250/0.044 = 5080 cu. ft. per sec. 

The density 0.044 is based on the assum])tioii that the mean temperature 
of the chimney gases at 200 per cent boiler load is 0.90 of that at the breech- 
ing. The temperature of the hue gas leaving the boiler is tak(m as 518 
deg. fahr. See curve B. Figure ()5. 

Assume 25 ft. per sec. as a trial velocity of the chimney gases, then: 

Area of stack = 5080 25 = 227 sq. ft. 

Oorresponding diameter, 17 ft. 

The various pressure drops at 200 per cent rating may be tabulated as 


follows: 

Dg drop through fuel bed and grate, Fig. 60. . . 0.53 in. 

Db droi) through boiler and damper (assumed). . 0.80 in. 

D/ drop through flue (calculated from equation (74)), assuming re- 
sistance of flue as that of an equivalent height of stack 0.03 

Dr drop caused by change in direction due to right angle bends (cal- 
culated from equation (73)), assuming each turn to have a resist- 
ance equivalent to 40 per cent of the velocity head 0.03 

Dv acceleration of gases, assuming velocity leaving boiler to be 25 ft. 

per sec. (equation (73)) 0.00 

Dt total draft required 1.39 
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D theoretical maximum draft per 100 ft. of stack, assuming mean 
temperature of chimney gases to be 0.90 of that of the flue gases 


leaving the boiler, equation (09) 0.64 

Dc friction drop in stack per 100 ft. of height, equal ion (71) 0 03 

De effective draft per 100 ft. tif stack, D — Dc 0.(51 

H height of stack in ft. above breecliing (Di De) X 100 228 


Various combinations of hcig;hts and diameters may be calculated in a 
similar maimer by assuming other velocities; thus, for the preceding 
example : 


Velocity, ft. per sec. .... 

20 

25 

30 

35 

40 

Dia-inetcr, ft . . 

• 

11) 

17 

15.5 

14.4 

13 5 


Preasure Drops 


Dg fuel bed 

Db boiler 

Df breeching 

Dr right-angle bends 

Dv acceleration of gases 

0 53 

0 SO 

0 02 

0 02 

0 00 

0 53 

0 80 

0 03 

0 03 

0 00 

0 53 

0 SO 

0 05 

0 05 

0 04 

0 53 
O.SO 

0 07 

0 07 

0 08 

0.53 

O.SO 

0 10 

0 09 

0 13 

H/ Total. . . , 

1 37 

1 39 

1 47 

1.55 

1.05 

D draft pressure, 1(K) ft. of stack 

Dc friction ])er 100 ft. of stack. . . . . . 

0 01 

0 02 

0.01 

0.03 

0 04 

0 05 

0 04 

0 07 

oo 

Dej Effective draft 

0 02 

0 01 

0 .')!) 

0 57 

0.55 

Height, ft. (Dt -/:)«) X 100 

220 

22S 

2.50 

272 

300 


Any of these stacks will produce th(‘ rerpiired draft under the assumed 
conditions, but, other things permitting, the cheapest combination is the 
one to be selected. 

It will be noted that numerous assumptions have been made in the 
foregoing analysis. Consequently, the reliability of the results depends 
entirely upon the accuracy of these assumptions. The factors which 
enter into the problem of chimney draft and capacity arc so numerous, 
their relations so obscure, a^nd values so difficult of numerical determina- 
tion, that of necessity all chimney equations are more or less empirical; 
that is, they are simply practice expresscul in algebraic form. 

For small plants equipped with horizontal return-tubular boilers, the 
stack proportions in Table 43 are recommended by the Chicago Smoke 
Department. 

For plants of 800 hp. or more, the height of stack for coal burning under 
natural draft should never be less than 150 ft., regardless of the kind of 
coal used. Natural draft greater than 1.5 in. of water is seldom necessary, 
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and higlKii’ iritc^nsities can be obtained more economically by forced or 


induced draft. This limits the height of the chimney to about 225 to 
250 ft. 


TABLE 43 

SIZE or CHIMNEYS FOR RETUHN-TURULAU ROILERS 


J3oiler 

Size 

NuinSor of UnilerH per Stuck 

No. and Size 
of T ubes 

One 

Tw(j 

Tlirec‘ 


48 X 14 

21 i X 90 

30 X 100 

:i7 X 110 

421 X 120 

34 - 3F ' 

64 X 1(5 

241 X or, 

34^ X lor. 

421 X 115 

49 X 125 

:u - 4" 

60 X 10 

2S X 100 

130 X 1 10 

4S X 120 

.6.5.i X 130 

40 - V 

66 X IS 

SI X 110 

431 X 120 

5.31 X 130 

04 X 140 

54 - 4" 

72 X IS 

So X 120 

49'. X VM) 

(iOl V 140 

70 X 1.50 

70 - 4" 

78 X 20 

3!)'. X 1.30 

.5(> X 1 10 

08 X 150 

78i X 100 

84 - V 

84 X 20 

46 X 1 10 

01 X 100 





In pro})orli(jTU!ig the arcui of the stack on a gas basis, the data in Tables 
44 and 45 may b(‘ used as a guide. By plotting the data compiled from a 
number of modern chimnt'ys over 125 ft. in height, the ndation between 
actual velocity at maximum load and diameter appeared to be approxi- 
mately as follows: 

V = (0.2 + 0.005Z>) 7', (76) 

in which 

V = ac^tual maximum velocity of the chimney gases, ft. per sec., 

D = dianietej’ of the chimney, ft., 

7' = th(*oretical velocity, ft. per sec. 

Thi) theoretical velocity of the gases in the chimney is that developed if 
the entirci static; pressure difference is available for producing motion. It 
may be expresscHl 

V' = = 8.03 VH {da - d,) ^ dc (77) 

in which 

h = head of a column of chimney gas, in ft., which would produce the 
theoretical pressure difference. Other notations as in equations 
(66) and (75). 

For the data in example' 24, the theoretical velocity is 

7' = 8.03 1 175 (0.07636 - 0.04412) 0.04412]^ 

= 90.8 ft. per sec. 
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Chimney Sizes f Alfred Cotton, Mech. Engrg., Sept. 1923, p. 531. 

Stack Height to Supply Powers H. Misostow, Power, Oct. 24, 1922, p. 637. 

Proportioning of Chimneys on a Gas Basis, A. L. Menziii, Trans. A.S.M.PJ., Vol. 37, 
1915, p. 1065; T. S. Clark, Power, July 29, 1924, p. 175. 

132. Empirical Chimney Equations. — Numerous (mipirical formulas 
for proportioning chimneys are to be found in engiiKV'ring handbooks and 
trade literature. They give satisfactory results within the limits of the 
assumption upon which they aie based, but otherwise^ may lead to absurd 
results, the\r applicability (k^pending largely upon the available data 
covering the various losses with the particular kind, (piality, and con- 
dition of coal, and conditions of operation. Occasionally, practical and 
local considerations fix the h(aght of the stack irrc^spective oi theoretical 
deductions. 


TABLE *14 

WEIGHT OP GASES POll DIFFERENT PEUCJENTAGES OF CO2 WHEN CO = 0 


(A L Munziii) 


Per cent COa in the dry gase's, 
by volume. 

18 7 

18 0 

17 0 

16 0 

15.0 

14.0 

13.0 

12.0 

Excess air in per cent of tlie 
theoretical minimum . 

0 

4 0 

10 0 

17.0 

24 0 

33.0 

43.0 

54.0 

Weight of gases per 10,000 
B.t.u 

7 S 

S.l 

S 6 

9.1 

9 6 

10 3 

11.0 

11 9 

Per cent of CO 2 in the dry 
gases, by volume ... 


11.0 

10 0 

0 0 

8 0 

7 0 

0.0 

5.0 

Excess air in per cent of the 
theoretical minimum 


()S 0 

85 0 

105.0 

130 0 

102 0 

20G 0 

267.0 

Weight of gases per 10,000 
B.t.u. in the coal 


12 9 

1 1 2 

15 7 

17 6 

20 0 

23 3 

27.8 


TABLE 45 

AVERAGE VELOCITY OP CHIMNEY fiASES 


Volume of chimney gases discharged, 

cu. ft. per sec .... 10 100 500 2500 5000 8000 12,000 

Average velocity at maximum load, 

ft. per sec.. ' 10 15 20 25 30 35 40 

•• 

These values are based upon data compiled from 200 modern chimney installations 
of various heights and diameters. There appeanRl to be no definite relationship 
between volume and velocity, and the values in the table represent gross averages 
only. 

Kent’s equation is one of the most popular rules for proportioning stacks 
for power purposes. It is based on the assumptions that; 

1, The velocity of the gases varies as the square root of the height. 
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2. The retardation of the ascending gases by friction may be considered 
due to a diminution of the area of the chimney or to the lining of the 
chimney by a layer of gas which has no velocity, and the thickness of which 
is assumed to be 2 in. 

Thus, for square chimneys, 

E = -rl2 = A - 0.67^1 (78) 

and for round chimneys, 

E = IT (/)2 _ 8/:) -- 12) -f- 4 = A - 0.591 \/A (79) ' 

P'or simplifying calculations, the coefficlcuiti of A may be tak('n as 0.6 
for both scpiare and I'ound chimneys, and th(‘ equation becomes 

E A 0.6 VI (80) 

3. The hjx capacity varies as the effective area E. 

4. A chimney should be so proportioned as to be capable of giving 
sufficient draft to permit th(^ boiler to develop much more than its rated 
I)Ower in case of eiiua’gencies, or to permit the combustion of 5 lb. of fuel 
per rated hp. per hr. 

5. Since the power of the chimney varies directly as the effective area 
E and as the stpiare root of the height //, the equation for hp. for a given 
size of chimney will take the form 

Hp. = CE VIT, ( 81 ) 

in which C is a constant, found by William Kent to be 3.33, obtained by 
plotting the results from numerous examples in practice. 

The equation then assumes the form 

Hp. = 3.33 E Vh, _ _ (82) 

or Hp. = 3.33 {A - 0.6 VA) Vh (83) 

from which 

H = (0.3 Hp. -J- E)\ (84) 

The values in Table 46 are based on Kent’s equation. 

The values in Table 47 are taken from curves plotted by Alfred S. 
Cotton and give the relative working capacities of chimneys from 5 to 25 
ft. in diameter. See Mech. Engrg., Sept. 1923, p. 531. The curves are 
drawn for a working capacity of 30 per cent of the maximum capacity at 
600 deg. fahr. and are based on 90 lb. gas per b.hp. for natural draft, 60 
lb. for forced draft and 45 lb. for oil burning. 
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TABLE 46 

SIZE OF CHIMNEYS FOR STEAM liOILERS 


Kent’s Formula 



1 

Height of Chimnoy, Ft. 

Diam . 












In. 

Hq. Ft. 

50 

75 

](M) 

125 

150 

175 

200 

225 

250 

300 





• 

(^nnmcrcial Up. of Hoiler* 




18 

1.77 

23 

28 









21 

2.41 

35 

42 









24 

3 14 

49 

60 









27 

3.98 

65 

81 









30 

4 91 

84 

103 

119 








33 

5.94 


130 

149 








36 

7 07 


157 

182 

204 







39 1 

8.30 I 


190 

210 

245 







42 

9 62 


224 

258 

289 

316 






48 

12.57 



348 

3S1) 

426 






54 

15 90 



449 

503 

551 

595 





60 

19.64 



5()5 

632 

692 

748 





66 

23 76 



694 

776 

849 

918 

981 




72 

28 27 



835 

934 

1023 

1105 

1181 

1253 



78 

33 IS 




1107 

1212 

1310 

1400 

1185 

1565 


84 

38.48 




1294 

1418 

1531 

1637 

1736 

1839 

2005 

90 

44 18 




1496 

1639 

1770 

1893 

2008 

2116 

2318 

96 

50 27 




1712 

1876 

2027 

2167 

2298 

2423 

2654 

102 

56 75 




1944 

2130 

2300 

2459 

2609 

2750 

3012 

108 

63.62 




2090 

2399 

2592 

2771 

2939 

3098 

3393 

114 

70.88 





2685 

2900 

3100 

3288 

3466 

3797 

120 

78 54 





2986 

3226 

3448 

3657 

3855 

4223 

132 

95 03 





3637 

3929 

4200 

4455 

4696 

5144 

144 

113 10 


1 



4352 

4701 

5026 

5331 

5618 

6155 


* Based on a consumption of 5 lb of fuel per b. hp. For any other rate, multiply the tabular figure by the 
ratio of 5 to the maximum expected coal consumption pui hp. per hr. 
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TABLE 47 

RELATIVE WORKING CAPACITY OF CHIMNEYS, BOILER HORSEPOWER 

(Sea Level and 60 Deg. Fahr.) 

(Alfred S. Cotton) 


Diamotor, Ft. 

(VjhI 

Oil 

Diameter, Ft. 

Crial 

Oil 

Natural 

Draft 

SU>ker 

Natural 

Diafi 

Stoker 

6 

600 

1,(K)() 

1.300 

15 

9,500 

14,100 

19,000 

6 

KKX) 

1 ,.")00 

2,000 

16 

11,000 

17,000 

22,500 

7 

15(K) 

2,100 

2,800 

17 

12,600 

19,000 

26,000 

8 

2(X)0 

2,90() 

3.900 

18 

15,000 

22,000 

30,000 

9 

2600 

4,0(K) 

5.300 

19 

17,0(K) 

25.100 

33,500 

10 

3400 

5J(X) 

6,900 

2C- 

U).0(K1 

28,000 

38,500 

11 

4400 

6,r)(K) 

8,700 

21 

21,700 

32,500 

43, (XK) 

12 

5400 

8,100 

10,800 

22 

24,000 

37,000 

49,000 

13 

6600 

9,800 

13,200 

23 

27,500 

41,500 

55,000 

14 

8000 

12,000 

16,000 

24 

30,100 

46,000 

61,000 


Working eafiacity = 28.5 per cent of maximum capacity at 600 deg. fahr. Weight 
of gases = 90 lb. per hr. for natural draft; GO lb. per hr. for forced-draft coal, and 
45 lb. per hr. for oil, per b.hp. 

133. Stacks for Powdered, Liquid, and Gaseous Fuels. — In designing 
stacks for powdered fuel, oil fuel, or gas firing, the procedure is the same as 
for coal burning; that is, the height is made siifficaently great to maintain 
the required draft in th(' furnace at maximum overload, and the area is 
proportioned to take care of the maximum volume of gases generated. 
Excessive draft greatly influences the economy of steam-burner oil-fired 
furnaces, whereas, with bulk-coal firing, there is rarely danger of too much 
draft. Consequently, greater care must be exercised in estimating the 
various draft losses through the boiler and breeching. With oil, gas, and 
powdered fuel, theie is no fuel bed, hence no draft loss on this account, 
and, because of th(' smaller air excess required for complete combustion, 
the pressure loss through the boiler will be less. Furthermore, the action 
of the burner itself acts to a certain degree as a forced draft. Therefore, 
both the height and area of the stack for a given capacity of boiler may 
be less for oil and powder(‘d-coal firing than *for bulk-coal firing. Tall 
chimneys are frequently used in connection with powdered-fuel burning 
plants, not primarily because of the draft requirements but in order to 
distribute the flocculent ash at a high elevation. For example, the 
chimneys at the Cahokia plant are 325 ft. above the burner arches. There 
are no feedwater economizers in this plant. Table 48, calculated by C. R. 
Weymouth (Trans. A.S.M.E., Vol. 34, 1912), may be used as a guide in 
proportioning stacks for oil fuel. 
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TABLE 48 

STACK SIZES FOR OIL FUEL 
(C. II, Weymouth) 


stuck 

Diameter, 

in. 


lIciRllt 

in Above Boiler-room Floor 



80 

90 

100 

120 

HO 

160 

33 

101 

206 

233 

270 

306 

315 

36 

208 

253 

295 

331 

363 

387 

39 

251 

303 

343 

399 

488 

467 

42 

295 

359 

403 

474 

521 

557 

48 

399 

486 

551 

645 

713 

760 

54 

519 

634 

720 

S47 

933 

1000 

60 

657 

8og 

913 

1073 

1193 

1280 

66 

81.3 

993 

1133 

1333 

1480 

1593 

72 

980 

1206 

1373 

1620 

1807 

1940 

84 

1373 

1587 

1933 

2293 

2560 

2767 

96 

1833 

22Q0 

2587 

3087 

3453 

3740 

108 

2367 

2920 

3347 

4000 

4483 

4867 

120 

3060 

3660 

4207 

5040 

5660 

6160 


Figures njpresent nominal rat cal hp.; sizes as given are good for 50 per cent over- 
loads. Based on centrally located stacks, short direct flues and ordinary operating 
efficiencies. 


With forced-draft stokers, the resistance of the fuel bed does not enter 
into the calculation for height; otherwise, the procedure in design is the 
same as for natural-draft coal burning. The values in Tabic 47 give the 
relative working capacity of chimneys for bulk-coal (natural-draft and 
stoker-fired) and for fuel oil. 

134 . Classlflcatlon of Chimneys. — Chimneys may be grouped into 
three classics according to the material of construction : 

1. Masonry. 

2. Steel. 

3. Reinforced Concrete. 

The majority of chimneys for power plant service are of common masonry 
construction, because the'materials involved are widely distributed and 
skilled masons are to be found in almost every community. For very 
large sizes, special designs of radial brick or tile are preferred to common 
brick. 

Steel chimneys have many advantages and are finding much favor in 
large power plants, especially where economy of space warrants the 
erection of the stack over the boiler, in which case the structural work of 
the boiler setting answers for both boiler and chimney. Among the ad- 
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vantages over the masonry construction arc: (1) ease and rapidity of 
construction; (2) less weight for a given internal diameter and height; 
(3) less surface exposed to the wind; (4) lower cost; (o) smaller space re- 
quired; (6) slightly higlK^r (‘ffich^ncy if properly calk(*(l, for there can be 
no infiltration of cold air as then^ may be through tlu' cracks in masonry. 
The chief disadvantage^ is the cost of keeping the stack w('ll i)ainted to 
prevent rust, and th(‘ corrosive action of the suli)liiir in th(^ coal. 

Ileinforc(‘d concrete chimn(\vs hav(‘ many advantagevs ov('r either the 
brick or steel (constructions, i)rovi(l(‘d tlic^y are erected by workjnen skilled 
in the art of concede: mixing and application; but, l)(‘caiis(c of the failure ' 
of a few large designs, some engineers are not taking to them kindly. 

Steel chimnccys may b(‘: 

1. Guyccd. 

2. Self-sustained. 

135. Guyed Chimneys. Guyed sheet-iron or steel (diimmcys, or stacks 
held in position by guy wire's, are freciuently ('m})loy('d on account of their 
relative cheapiu'ss. llu'y seldom (^xcxM'd 72 in. in diamc'ter a id 100 ft. in 
height. A heavy foundation is unnecc'ssary for tlu' smaller sizics, and the 
stack may be supported by the boiler breeching. The small, short stacks 
are ordinarily rivc'ted in tluc shop, ready for erection, larger sizes being 
shipped in sections and riv('t('d at the place of installation. In addition 
to a liberal allowance for corrosion, the material is made heavy enough to 
support its own weight and to prevent buckling under initial tension of 
the guy wires and the stress due to wind action. The thickness of shell 
is ordinarily based on arbitrary rules of practice, and no attempt is made 
to calculate this value by stress analysis. Table 49 gives the thickness of 
material as advocated by a number of manufacturers. 


TABLE 49 

APPROXIMATE DIMENSIONS OF GUYED SHEET-STEEL CHIMNEYS 


Height, Ft. 

Diameter, In. 

Thickness of Shell 

B.W.G- 

Approximate Weight 
per Ft., Lb. 

40 

18 

16 

% 

13 

45 

20 

16 


14 

45 

22 

14, 

16 

20, 15 

50 

24 

14, 

16 

22, 16 

50 

26 

14 


23 5 

55 

28 

14 


25 

60 

30 

12, 

14 

34, 27 

65 

32 

12, 

14 

36, 28 

70 

34 

10, 

12 

48, 39 

75 

36 

10, 

12 

51, 41 
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Guy wires are furnished in one to three sets of three to six strands each, 
arranged radially opposite each other, and are attached to angle or tee iron 
bands at suitable points in the height of the stack. The lower ends of the 
guys are ordinarily aiichorcnl at an angle of 45 dt'g. with the vertical. A 
rational analysis of th(' j)roper size of guy wir(‘s for a si)eeified maximum 
wind pressure is impractical )le l)ecause of the number of unknown variables 
entering into th(^ i)roblem, such as initial tension and stretch of the wires 
and flexure of the shaft. A common rule is to assume the entire over- 
turning load to b(' r('sisted by one strand in each set of guys; thus, if there 
are two sets of guys the entire* load is assiuned to fall on two wir(*s. An 
additional stress of onc'-half the* ov(*rturning load is allowed for initial 
tension. A lattice bracing is freciiumtly used b('twc*en stacks whcui a 
number of stacks are placed yi a continuous row. 

136. Self-sustaining Steel Chimneys. — St('el cdiimneys over 72 in. in 
diameter are usually sc'lf-sujiporting. They may be built with or without 
a brick lining, but the lining is preferred, since it prevents radiation and 
protects the inside from the* corrosive* action of the flue gas(\s. Since the 
independent lining plays no part in the; strength of th(' chimney, it is 
made only thick ('iiough to support, its own weight. In the older designs, 
the lining is of low-grade fin* brick or carefully burned common brick. In 
these designs the fire brick extends 20 or 30 ft. above the breeching, the 
remainder of the lining b(*ing of common brick. In chimneys up to 80 
in. internal diameter, the upper (bourse is 4 1/2 in. thick and increases 
4 1/2 in. in thickness for each 30 to 40 ft. to the bottom. In larger chim- 
neys, about 8 in. is the minimum thickness. The lining is generally set 
in contact with the shell and thoroughly grout(*d, ()thi*rwise depreciation 
will be very great. 

In nearly all recent designs, horizontal rings or shelvc*s of 3 by 4 by 
5/16-in. angle* iron are riveded to the shell at about 15 ft. centers for sup- 
porting the lining. In some designs, ve*rtical stiffeji(*rs, which support 
the horizontal rings, are riveted to the shell. The vertical stiff (iiiers are 
spaced about 5 ft. apart and the^ horizontal rings about 20 ft. apart. By 
either of these methods, any section of the liiiing may be replaced without 
disturbing the rest. The^ lining, usually of vitrified asbestos, is of uni- 
form thickness throughout the length of the shaft and seldom exceeds 
4 1/2 in. in thickness. 

Self-sustaining stacks are usually cylindrical, though a few designs are 
tapered; they are generally made with a flared or conical base, the diameter 
of which is approximately 1 1 /2 times the diameter of the stack. The base 
is bolted to a concrete foundation of sufficient mass to insure stability. 
In the large, modern station, the stack is frequently carried on a steel 
structure over the boilers, thereby reducing ground space requirements. 
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Fig. 198. Details of a Large Self-sustaining Steel Chimney. 
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Such a design is illustrated in Fig. 175. Every self-sustaining stack should 
have a ladder, and it is dcsiral)le to install a trolley rail for painting pur- 
poses. Lightning protoc‘tion is unnecessary for steel stacks superposed 
on the structural stcH'l of the building, and ordinarily so for those resting 
on masonry foundations. In some cases, the base ring for stacks with 
masonry foundations is (connected to a ground plate bui ied in permanently 
moist soil. 

Figure 198 gives the details of the 140-ft. steel chimney at the power 
house of the Goldsmith Bros. Smelting & Kefming Go., Chicago, 111., 
as desigiK'd and installed by the Lasker Iron Works, Chicago. 

137. Wind Pressure. — Sufficient data ai’e not available to show con- 
clusively the relation betw('eii wind v(docity and the rc'sulting effective 
pressure on surface's of different shapes. Practically all authentic tests 
have been condu(;ted on small flat surfac^es, and there is evidence for the 
belief that the unit pressure exerted on large surfaces is somewhat less 
than that obtained from th(' former. lOxperiments conducted by different 
authorities show that the pressure pcT s(p ft. of flat surface bears the follow- 
ing relationship to the wind pressure: 

p = xrs (85) 

in which 

K = coefficient determined by experiment, 

P = wind pressure, lb. per sq. ft., 

V = wind velocity, miles per hr. 

The value of X, as determined by the different investigators, varies 
from 0.0029 to 0.005. The value most commonly used in chimney con- 
struction is K ~ 0.004. This corresponds to a pressure of 50 lb. per sq. 
ft. of flat surface for a wind velocity of 125 miles per hr., the highest al- 
lowed for in chimney design. Considering the unit pressure on a flat 
surface as 1, according to the constants in general use, the effective pres- 
sure for the projected area is 0.80 for hexagonal, 0.71 for octagonal, and 
0.67 for round columns, h^xperiments show that the wind pressure in- 
creases from the base upward toward the top of the shaft. Christie^ 
quotes the following rules.as satisfactory for purposes of design: 

P = Po + 0.0373 H (86) 

Pa = Po + 0.0466 H' (87) 

in which 

P = average wind pressure throughout the shaft, lb. per sq. ft., 

Po = pressure at the base of the shaft, lb. per sq. ft., 

1 Power j March 20, 1923, p. 438. 
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Pa = actual pressure at any given height H'j lb. per sq. ft., 

H = height of the shaft, ft. 

European designers consider this variation in pr(\ssure and allow a value 
20.5 to 31 for Poj but in i-he Ihiited States it is customary to use a single 
value corresponding to the estimated averages velocity throughout the 
stack. This value ranges from 25 to 30 Ih. per sq. ft. of projected area 
for round stacks. The average^ I)ressur(^ allowahk' is specified by build- 
ing ordinances in most large cities. 

Wind Prensure in Chimney Design: W. ('hristie, Powor, Mar. 20, 192S, p. 438. 


138. Thickness of Plates for Self-sustaining Steel Stacks. — If there 
is no wind })lowing, th(‘ only stress to be considenal in the shell at any 
section is that due to the wcaght of the material itself, thus: 

.Si = ir - ^ (di^ - (88) 


in which 

51 = stress (compression) due to the weight of the material, lb. per sq. 

in. If the shaft is in j)erfe(5t alignment, this stress is uniformly 
distributed over the entire cross section under consideration. 

W = weight of the shaft abov(^ the section under consideration, lb. If 
the lining is indepemdent of the steel structure, then the weight 
of the latter only is to l)e considered; but if the lining is sup- 
ported by ledges secured to the shaft, then the weight of the 
lining must be added to that of the steel. 
di = external diameter of the tube, in., 
dz = internal diameter of the tube, in. 

When the wind is blowing, there is an additional stress due to bending. 
This is a tension on the windwai*d side and a compnissioii on the leeward 
side, thus, 

^2 = Ph^ I/e (89) 

in which 

5 2 = stress in the outer fiber due to wind pressure, lb. per sq. in., 

P = the total wind pressure, lb., 

h = distance from the section under consideration to the center of 
wind pressui-e, in. For a cylindrical shaft, ft = 1/2 height of 
shaft above section. 

I/e — sectional modulus = tt (di^ — d/^) 32 di. 
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The net stress, S, is therefore 
S = Si ± <82 ~ “ 




Ph 


32 


TT ( dl*- d,* \ 

32 V di ) 


( 90 ) 


Equation (90) may be written 


S = 


[W + di^) ^ 8 di] ± Ph 

IT (di^- dl*\ 

j32V di ) 


( 91 ) 


(di^ + 0 , 2 ) Sdi is commonly called the radius of the statical moment 
(see paragraph 146). Designating this (quantity by g, eciuation (91) re- 
duces to the convenient form ■ 


*S = {Wq dz Ph) I/e (92) 

Because of the liberal factor allowed for the safe working stress, and 
because a tube of large diameter with thin walls will probably fail by 
flattening or buckling on the leeward side and not by tension of the wind- 
ward side, the influence of the weight of the material is ordinarily neglected 
and the shaft is treated as a cantilever subject to wind pressure only. Wq 
therefore is neglected, and equation (92) becomes 

S = Ph d- I/e (93) 


Since the thickness of the wall is a small fraction of the diameter, the 
section modulus I/e becomes, approximately, 

I/e = 0.785 diH 


in which 

t = thickness of the shell in inches. 

Substituting this value in equation (93) 

S = Ph^ 0.785 diH (94) 

•• 

A number of steel-stack ))uildcrs simplify equation (94) still further by 
making the constant 0.8, thus 

= Ph-^ 0.8 diH (95) 

Considering the stress, S', per linear in., instead of that per sq. in., 
equation (95) becomes 


S' = Pk-^ 0.8 di2 


( 96 ) 
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Example 26. — Detennine the thickness of plate at a section 150 ft. 
from the top of a cylindrical steel stack 12 ft. in diameter and 200 ft. 
high. Horizontal seams to be single-riveted. 

Solution. — The total wind pnissnre on the section is 

P = 150 X 12 X 25* = 45,000 lb. 

The moment arm is 

h = 150/2 X 12 = 900 in. 

S = 8000 lb. per sq. in. (A common allowance for safe stress is 8000^ 
lb, per sq. in. for single-riveted and 10,000 for double-riveted joints.) 
Substituting these values in equation (95) 

8000 = 45,000 X 900 h- 0.8 X Yiih 

from which 

t = 0.305. 

The nearest commercial size lies between 9/32 and 5/16. 

TABLE 50 

SELF-SUSTAINING STEEL STACKS 


Laskor Iron Workn 
CliicaRo 


InBido 

Diameter 

Ft. 

Total 

lieiKlit 

Ft. 

Approxinmte 

Weight 

Lb. 

How Made 

6 

1.50 

43,000 

50 ft. of i in., 50 ft. of in., 50 ft. of | in. 

8 

150 

57,7(X) 

do 

10 

150 

71,200 

do 

8 

175 

70,000 

50 ft. of J in., 50 ft. of in., 50 ft. of J in., 25 ft. of 
in. 

10 

175 

86,000 

do 

12 

175 

105,000 

do 

10 

200 

98,700 

50 ft. of \ in., 50 ft. of in., 50 ft. of | in., 50 ft. 
of in. 

12 

200 

121,000 

do 

14 

200 

137,000 

do 

12 

250 

166,800 

50 ft. of J in , 50 ft. of 4 in., 50 ft. of g in., 50 ft. 
of in., 50 ft. of -5 in. 

14 

250 

188,000 

222,000 

do 

16 

250 

• do 

18 

250 

242,000 

do 


Base diameter approximately 1} diameter of stack. 

Cone base arbitrarily set at about 20 ft. 0 in. 

All self-supporting stacks to have ladder. 

Weights do not include lining or lining-supporting angles. 
Eight anchor lugs usually supplied. 

* See paragraph 137. 
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139. Riveting;. — The diameter of rivets should always be greater than 
the thickness of the plate, but never less than 1/2 in. The pitch should 
be approximately 2 1/2 times the diameter of the rivet, and always less 
than 16 times the thiekn(iss of the plate. Single-riveted joints are or- 
dinarily used on all sections except the base, where the joint should be 
double-riveted with rivets staggered, although in very large stacks all 
horizontal seams are double-riveted to give greater stiffness to the shaft. 

140. Stability of Steel Stacks. — For stability, the resisting moment 
Wq must be greater than the overturning moment Ph\ (sec paragraph 
146) ; that is 

Wtq > (97) 

in which 

Wt = total weight of the structiro, including that of the foundation, 
and the earth filling over the base, lb., 
q = radius of the statical moment of the foundation base, ft., 
h\ = distance from the (center of wind pressure to the base, ft.. 

For a square base, the minimum value of q\ (see end of paragraph 146) 
is 0.118 L, but it is common practice to use the maximum 

q = 7//6 


and the condition for stability is 

WtL/& > Phi 


(98) 


Expressed graphically: Lay off GP^ Fig. 199, 
equal to the total wind pressure in direction and 
amount, and acting at the center of pressure of the 
shaft; lay off GWj equal to the weight of the 
stack and foundation; find the resultant GRj and 
produce it to intersect the base line as at if /t!' 
falls within the inner third of the base the stack is 
stable, provided, of course, that the chimney is 
properly designed and constructed. Therefore, the 
heavier the combined wrfght of the chimney and 
its foundation, the more stable the structure. 

L in Fig. 199 varies from one-tenth to one-fifto(mth 
H, depending upon the character of the subsoil. 

(See paragraph 152.) 

141. Foundation Bolts for Steel Stacks. — There is no generally ac- 
cepted rule for proportioning foundation bolts for steel stacks. The 
^ Axis of the shaft assumed to be vertical. 
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various rules differ principally in the assumed location of the center of 
moments or neutral axis of the bolts, when stresscid by the overturning 
moment. In the absence of proof to the contrary, and considciring the 
number of unknown factors entering into the proldem, the ncnitral axis 
may be taken as passing through and tangent to the bolt circle, and the 
fiber stresses in the bolts may be assumed to be proportional to their 
distances from the axis. Thus 

Ph - Wq = aSoL, (99) 


in which 

Ph = wind moment at the base ring, in.-lb., 

Wq = statical moment, in.-Ib., 

S = maximum fiber stress in the bolts, 41). per sep in. (To allow for 
initial stress du(i to tightening up, a low filxT stress of 12,000 lb. 
per sep in. is commonly assumed.) 

a = area of each bolt at the root of the' thread, S(p in. (All bolts 
assunuHl to b(‘ of the saiiK*. diameter.) 

L = equivalent m(‘an kmgth of the bolt resisting moment, in. 

Referring to Fig. 200, k>aL = + 2 + 2 xSarf, (99a) 


if- 



in which 

y Si, S 2 , S 3 = stresses in bolts, A, B-B, and C-C, 

\ respective^, lb., 


pi 

j' yj 

b, c, d = respective moment arms relative to 
^ neutral axis XX, in. 

Since the stress in each bolt is assumed to be 

x\n 

^ bn 

N 



Fig. 200. rectly proportional to its distance from the neutral 

axis, R 2 = P^\c/h and aSs = Sid/b. Substituting 
these values in equation (99a) and noting that Si = Sa, equation (99a) 
reduces to 


L = {¥ + 2c2 + 2d2) -s- b (100) 

•• 

The value of L becomes 


Number of bolts 6 8 10 12 16 24 36 

L=bX 2.25 3.00 3.88 4.58 6.00 8.90 12.40 


Example 26. — Calculate the size of bolts necessary for a steel stack 
with conditions as follows: Overturning moment 2,750,000 in-lb., bolt 
circle diameter 82 in., 6 bolts, allowable stress 12,000 lb. per sq. in. 
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Solution. — Here Ph - Wq = 2,750,000; S = 12,000; L = 2.25 X 
82 = 184.5. Sul)stituting these values in equation (99) 

2,750,000 = 12,000 X « X 184.5; 
a = 1.24 sq. in. 

Nearest commercial size corresponding to this area, 1\ in. diam. 

142. Brick Chimneys. — By far the greater number of j)ower plant 
chimneys are of brie^k construdion and usually of circular section, though 
octagonal, hexagonal, and scpian^ sections are not uncomnion. The round 
cliimney reciuires the least weight for stal>ility, and the otlnas in the order 
mentioned. They are usually (;onstrucicd of common or radial brick. 
Common bricks wer(^ used in lu^arly all the older const ru(;tions and are 
still used in the smaller stacks, but have been almost entirely superseded 
by the radial prodin^t in th(^ modern station. 

Brick chimneys are constructed with single shell, Fig. 204, and double 
shell, Fig. 202. 

The double shell is the more common and consists of an outer shaft of 
brickwork and an umcr core, or lining, extending part way or throughout 
the entire lenglh of the shaft. 

The single shell is the usual construction where care- 
fully burned and s(4ect(;d brick, not easily affected by 
the heat, are used. As th(' inner core or lining is in- 
dependent of the outer sh(*ll and has no part in the 
strength of the chimiK'y, t.he rules for determining the 
thickness of the walls are practically th(i same for both 
single and doubk' shell. C"ast-iron or tile copings arc 
commonly provided on l)ric.k stacks to thoroughly pro- 
tect the top c.ourse from the weather. 

143. Thickness of Walls. — The thickness of the wall 
should be such as to reciuire minimum weight of material 
for the proper dc^greu’! of stability, due consideration being 
paid to the practical recpiircunents of construction. The 
thickness does not vary uniformly, but decreases from 
bottom to top by a series of steps or c.ourses as in Fig. 

201. In general, th(» thic^liness at any s(^ction should be 
such that the resultant stress of wind and weight of shaft 
will not put the masonry in tension on the windward 
side or in excessive', (‘ompression on the leeward side. 

For circular chimneys using common red brick for the 
following approximate method gives results in conformity with average 
practice : 



outer shell, the 


« = 4 + 0.05 d + 0.0005 H 


( 101 ) 
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where 

t = thickness in in. of the upper course, neglecting ornamentation, 
and should, of course, be made equal to the nearest dimensior? 
of the brick in use. Ordinary red l^ricks measure 8 1/4 by 4 by 2. 
d — clear inside diameter at the top, in. 

H = height of stack, in. 

Beginning at the top with this thickness, add one-half brick, or 4 in., 
for each 25 or 30 ft. from the top downwards, using a batter of .1 in 30 to 1 
in 36. \ 

The minimum value of t for stacks built with inside scaffolding should 
be 7 in. for radial bri(;k and 8 1/4 in. for common brick, as a thinner wall 
will not support the scaffold. Radial brieje for chimneys are made in 
several sizes, so that the thi(*kness of the walls, when they are used, in- 
creases by about 2 in. at the offsets. 

For specially molded radial brick or for circular shells reinforced as in 
Fig. 202, the length of the diffc^rent courses may be much less than stated 
above. The external form of the top is a matter of appearance, and may 
bo designed to suit the taste*, but should be protect(*d by a cast-iron or tile 
cap and provided with lightning rods. Ladders for reaching the top of 
the chimney are generally located inside the brick stacks and outside the 
steel structures. 

Professor Langes rule (Engrg. Rec., July 20, 1901, p. 53) for determining 
the length of the different courses is (Fig. 201): 

/i = C (20 « + 60 ^ + 0.1056 G + 2.5 d/2 + 656 tan a - 0.007 H 

- 0.453 p - 18.7). (102) 


in which 

h = length of the course under consideration, 

C = constant — 1 for a circular, 0.97 for an octagonal, and 0.83 for a 
square chimney, 

i = increase in thickness for each succeeding section, ft., 

G = weight per cu. ft. of brickwork, 
p = wind pressure, lb. per sq. ft. 

= angle of the internal batter. 

All other notations as indicated in Fig. 201. 

For chimneys over 100 ft. in height, he recommends that 100 be used 
instead of the actual height, since the critical point will be in one of the 
lower sections and not at the base. 

If a value of h is obtained which is not contained an even number of 
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times in Hy it may be slightly increased or decreased so as to effect this 
result. 

To determine the stresses at any section, the shaft is treated as a canti- 
lever uniformly loaded, with a maximum wind pressure of 25 lb. per sq. ft. 
If the tension on the windward side subtracbxl from the compression leaves 
a positive remainder, the chimney will bo under compression throughout 
the section; if the remainder is negative, the masonry will be in tension, 
which it withstands but feebly. The sum of the compressive stresses on 
the leeward .side' due to wind pressure and weight must be less than the 
crushing strength of the; masonry. The practice, however, of assuming a 
fixed value for allowables i)r(‘ssure irrespective of the height of the stack 
gives dimemsions that arc too low for small stacks and too high for large 
stacks. According to Professor Lang, compressive stress on the leeward 
side, in lb. per sq. in., with single chimneys should not exceed 

7> = 71 + 0.65 L, (103) 

where 

p = pressure in lb. per sq. in. 

L = distance in ft. from top of chimney to the section in question. 

With double shell, 

p = 85 + 0.65 L. (104) 

The tension on the windward side should not exceed, 

for single shell; p = (18.5 + 0.056 L), (105) 

for double shell; p = (21.3 + 0.056 L), (106) 

Example 27. — Determine the maximum stress in the outer fiber of 
the brickwork at the base of section 8 of the chimney illustrated in Fig. 
204. 

Solution. — Assume the weight of the brickwork 120 lb. per cu. ft. and 
a maximum wind prevssure of 25 lb. per sq. ft. of projected surface. The 
height of the chimney to section 8 is 131.4 ft. The projected area as com- 
puted from the figure is 1800 sq. ft. Hence p, the total wind pressure, is 

1800 X 25 = 45,000 lb. Th(^ volume of brickwork above section 9 may 
be calculated, and is 6150, cu, ft., hence the weight W = 6150 X 120 = 
738,000 lb. The area of the joint at this secition is 75.3 sq. ft., therefore, 
the pressure due to the weight of the superimposed brickwork is 738,000 
divided by 75.3 = 9800 lb. per sq. ft.; h = 55 ft. (found by laying out the 
section and locating the center of gravity); di = 16.2, d = 12.9. The 
stresa due to the wind pressure may be found by substituting the proper 
values in equation (89) ; thus : 

45,000 X 55 = 0.0983 S - 1^")/16.2 
from which S = 9907 lb. per sq. ft. 
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The net stress on any part of the section is the resultant of that clue to 
the weight of the stack and that caused by the wind, the net stress on the 
windward side being 

-9907 + 9800 = -107 lb. per sq. ft. 

which is evidently a tensile stress and should never exeef^l the valiK' 
given by foriiiula (lOf)): 

p = 18.5 + 0.050 L = 18.5 + 0.050 X 131.4 
= 25.8 11). per stp in., or 3715 lb. per sep fl . 

The n(4- eoiiipressivc^ stress on the leeward side is 9800 + 9907 - 19,707 
lb. per sq. ft. which should not exccM'd that given by formula (103): 

p = 71 + 0.05 L = 71 + 0.05 X 131.4 

= 150.4 lb. per s(j. in., or 22,521 lb. per sq. ft. 

144. Core, Lining, etc. — The cor(‘, or lining, of a brick chimney is 
commonly carried to the top of the shaft, though it sonu'times extends 
only part of the distanc(\ Tlu' inside diameter is geiuMally uniform, the 
offsets being made on th(' outside. The core and out(‘r sh(41 should be 
independent, to prevent injury du(' to expansion of the core. The rules 
for the thickness of lining in steel chimneys without supporting shelves 
apply also to brick chiinnc'ys. The batters for th(^ inn(‘r and outer shells 
should be such as to allow at least. 2 in. clearance between the two shafts 
at the top, and th(‘ top should l)e prot(‘ct.ed by an iron ring or by a project- 
ing ledgci from th(^ outer slu'il. Lightning protection is always retpiircd 
and usually consists of three or more i)latimim-tipp(Hl coppc'r points con- 
nected by a h(iavy cable to an ample ground i)lat(‘ buried in ])ermanently 
moist soil. An outside ladder is always a (l(\sira))l(‘, but not a necessary 
feature on any typ(^ of stack. Modern central station stacks an^ usually 
provided with hop]ier-bottom floors below the flu(‘ opeming, for collecting 
and discharging the cinders. In some installations the cinders are re- 
moved by steam ('jectors, l)ut in most cases the. cijiders arc dumped by 
gravity and rcmov(*d by hand trucks or barrows. 

145. Materials for Brick Chimneys. — Ibick for the external shaft 
should be hard burned, of high specific gravity, and laid with liiiK^ mortar 
strengthened with cement.,* Lime mortar its(‘lf is more resistant to heat, 
but hardens slowly and may cause distortion in newly enuited stacks, and 
hence should be used only wh(m a long time' is takem in building. Mortar 
of cement and sand alone is not to be recommeTided, since it does not re- 
sist heat well and is attackc^d by carbon dioxide, particularly in the pres- 
ence of moisture. A mortar consisting of 1 part by volume of cement, 2 
of lime, and 6 of sand may be used for the upper brickwork ; 1 , 2 1 /2, and 8 
respectively for the lower part; and 1, 1, and 4 respectively for the cap. 
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The harder the brick the more cement is necessary, as lime does not cling 
so well to hard, smooth surfaces. The inner core' may be constructed of 
second-class fire brittk, since th(‘ tc^mixTaturc s(*ldom (‘xc(‘eds 000 deg. fahr. 
Lime mortjir is invariably usc'd for the con*. In th(* modern i)lant, com- 
mon bri(;k have* b(*en almost (‘iitircly superseded by ladial brick and tile., 
Se(i paragrai)h 147. 

146. Stability of Biick Chlniiieys. — When tli(‘r(* is no wind blowing 
and the chinnu'y is built symmetrically about a v(*rti(‘al axis, the pressure 
due to wadght is unifonnlv rlistributed over the bearing surfaces, and the 

ct‘nt(T of i)ressur(' h('s in the line XX, Fig. 203. 
But wh(m the wind bloirs, th'* l)ressur(* exerted 
tends to tilt tlu* shaft as a whole* column in 
the direction of the cuiT(‘nt-, and the resultant 
pressure* at the winelvvarel siele* of the base de- 
entases, until, with a suffie;ie*iitly high ve*locity 
of winel, it may beee)me* zero oi* eveai negative, 
in wdiieth ease the cetnter of pressure moves 
te)w\ards the* leewarel siele of the base*. As soon 
as the i)r(‘ssure at A l)e*e;e)me*s ze*ro, the joint 
be*gins to ope'n (assuming no atlhesion be- 
tween chimney anel base) and the shaft is 
evide'iitly in the* ce)nelition e)f k'jist stability. 
The distance c' from the cente*r of gravity of 
the* shaft te) tint center of pressure is called 
the eccentricity anel may be expi essed: 

e' = Ph/W (107) 

e' = eccentricity, in ft. 

other notations as in equation (89). 

The distance q from the center of gravity of the shaft to the center of 
pressure for the condition e)f least stability (i.e., zero stress in the outer 
fiber on the* windwarel siele*) is calleel the^ radius of the statical moment or 
the radius of the kem. The kern itself is area encloseel by the locus 
of the center of pressure. Kvidemtly, fe)r stability (assuming that tension 
is not permissible), the ce*nter of pressure must fall within the area of the 
kern, that is 

e' W q 

or Ph 5 Wq 

c' T- g is sometimes called the factor of stability. 



in which 


(108) 

(109) 
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It may be shown that the value of q for the condition of least stability 
is a function of the cross section oiih- , or 

q = 1/Ae^ (110) 

in which 

7 = moment of inertia of the s(‘etion about the gravity axis at right 
angles to the direction of the wind. 

A = area of the section, 

e = distance from the center of the shaft to th(‘ outer t^dge of the joint. 

Thus, for a solid circular se(ition q = constant = 7^/8 

For a solid square section (maximum) q = 7^/0 

For a solid square section (niiniiniim) q = O.llSL 

For a hollow circhi • g = constant = + (P)/SD 

For a hollow sciuare (niaxiimim) q = (lA + 1^)/{SL 

For a hollow square (minimum) g = 0.U8 (L^* + P)/L 

A rul(j of thumb for stability is to mak('. the diameter of the base one- 
tenth of the height of a round chimney; for any other shape to make the 
diameter of th(' inscribed circ^Ie of the base one-tenth of the height. (Cal- 
culations should be made' for various sections. 

Example 28. — Analyze the chimney illustrated in l^^ig. 204 foj“ stability 
at, say, section 8, assuming the weight of brickwork as 120 lb. per cu. ft. 

Solution. — From the drawing: 

Projected area of the stack, 1800 sq. ft., 

Volume of brickwork, 0150 cu. ft.. 

Outside diametcu- of i)as(^, 1().2 ft., 

Inside diametcu- of bas(', 12.9 ft.. 

Center of pressure' to bas(^ liiK*, 55 ft.. 

Total height above base line, 131.4 ft. 

Calculated data: 

Maximum total wind pressure: 

P = 1800 X 25 = 45,000 lb. 

Weight of shaft: 

W = 6150 X 120* = 738,000 lb. 

Wind moment: 

Ph = 45,000 X 65 = 2,475,000 ft-lb. 

Eccentricity: 

e' = P/i -7- IF = 2,475,000 738,000 = 3.35 ft. 

* Rankine, '' Applied Mechanics ” p. 229. 
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Radius of the kein: 

g = (D“ + d^) -h 8D = ^ 8 X 16.2 = 3.3 ft. 

For stability, the radius of the kern should be equal to or greater than 
the eccentricity. While q is slightly less than e' foi- this section, the dif- 
ference is so small that the st,!‘U(!ture may be (considered stal:)le for all 
practical purposes, particularly in view of the fact tliat some tension is 
permissible in stacks of this particular make. 

Chimney Design and Construction: T. S. Clark, Power l^Iant Pain^rvi;, Dec;. 1, 1920, 

p. 1121. 

Th>€ Design of Tall Chimneys: Henry Adams, liul. Eri^ri!,, Miireh, 1912, p. 19S. 
Self-supporting Chimneys to Withstand Earthquake: C. R. Weymouth, Trans. A.S.M.E., 
Vol. 42, 1920, p. 787. 
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147. Radial Brick Chimneys^ — Masonry chimneys built of specially 
molded radial bri(;k are finding increased favor with many engineers b('- 
cause of their many advantages over the common brick 
structures. The blocks are usually perforated as illus- 
trated in Fig. 205, and arc; fonm^d to suit the cii cular 
and radial lines of each part of the chimney. They an; 
larger than common brick, thereby redu(;ing the numb(‘r 
of joints. When the blocks are laid in the wall, the 
mortar is pressed into the perforations, locking them 
together in a manner similar to a mortis('-arid-t(;non 
joint. This, with the breaking of the joints by use of 
different lengths of radial blocks, forms an excellent 
bond and greatly increas(‘s the strength of the; entire 
structure. An 8-in. wall of radial brick is etpii valent 
in strength to a 12-in. wall of common brick. For 



Fkj. Custodis 
Radial Brick. 



ordinary boiler purposes, the 
lining is approximately one- 
fifth the height of the stack. 
The larg(;st chimney in the 
woild at this date (1924) is 
of this type and is located 
at Anaconda, Mont. It is 
585 ft. high and GO ft. in in- 
ternal diameter at the top. 

148. Wlederholt Chimney. — This type of chimney consists essentially 
of a combination of the masonry and reinforced concr(;te structures. The 
inner and outer surfaces of the shaft are formed by vitrified fir( 3 -clay tile 
of special design, as illustrated in Fig. 207. When placed in position, 
these tile form a permanent mold into which the reinforcjing bars and con- 
crete may be introduced. Both vertical and horizontal reinforcing bars 


Fig. 206. 


Method of Layin^^’and Bond in 
Radial Brickwork. 
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Wirdorholt ChiiniK'y. 


are iiieorporatocl in the stnioture in much the saiiKi manner as in the 
straight concrete type. Because of the tile lining, much higher tempera- 
tures may he safely carried than with the conc,r(‘te type, and th(' color 
may l)e readily made to match that of the power 
hous(‘ f)r adjoining buildings. 

149. Reinforced Concrete Chimneys. — BeinforciHl 
conci-(d-(i chimneys have been in use for many years. 
Th(‘ advantages claimed for this class of stack are: 

1. Light weight, th(' whole stnictiivc' Ix'ing but 
one-third as ht'avy as an ecpiivalent common bric^ 
chimiK'v. The space occupi(‘d is much less than 
with (‘itlun- brick or stcud stack, on account of the 
thinness of walls at th(' hasc* and the absemee of any flart^ or Ix'll. 

2. Total abs(‘nc,c^ of joints, the (mtire structure, including founrlation, 
being a monolith. 

3. (In'at resisting ])ow(m- against tension and (5om])ression. 

4. Rai)idity of construction. May be erected at an avtjrage rate of 
6 ft. per day. 

5. Adaptability of tlu* material to any 
form. 

The i)roper selection of aggn^gate, 
scientific mixing of th(' material, and 
efficient pouring of tlu^ coTicrete requires 
greater skill than is frcniutmtly employed 
in fabricating a thin-wall(‘d structure 
such as a chimney; consecpumtly, some 
of the impropeily erected chimneys have 
been rendered worthless by disintegration 
and cracking of tlu', concrete. There are 
many reinforced concr('t(‘ chimneys in 
perfect condition after years of servi(‘e, 
and this class of structure is finding con- 
tinued favor with many engim^ers; but 
becrause of thti failiiie of a few of th(' 
older designs, some i)ropaganda has been 
spread concerning their ability to withstand rapid disintegration. 

Figure 209 gives th(^ (k'tails of a Weber “ coniform ’’ steel-concrete 
chimney as ei(‘cted at CJrafton, Mass., for the Grafton State liospital. 
The entire structure, foundation, shaft, and lining, is monolithic, 157 ft. 
in total lunght, 7 ft. internal diameter, and w(dghs only 344 tons. It 
occupies but 108 sq. ft. of ground space at grade level. The weight of 
the shaft and lining is 249 tons. 



Fig. 208. Method of Reinforcing 
•»Wiedcrholt Tile Chimney. 
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Th(i shaft is of the tloiil)lo-shell type with inner core extending 65 ft. 
above the grade. The core is hut 4 in. in thickness and the shaft varies 
from 10 3/16 in. at the junction of the core and shaft to 4 in. at the top. 
The core reinforcement consists of twelve vertical 1/2-in. twisted steel 
bars and similar horizontal bars wound spirally at 14-in. centers. The 
vertical reinfoi-coment in the outer sh(;ll vari(\s from fifty-two 3/4-in. 
twisttnl Irars at the grade' to twelve 5/8-in. Irars at the top. The horizontal 
reinforcciinent consists of J/2-in. twisted steel rings spaced at 14-in. centers 
along the entire height of sliaft and wound spirally. The steel bars vary 
from 16 to 30 ft. in Ic'iigth, and where they jiKH't lengthwise are lappeq 
not less than 24 in. The' use of different lengths of steel prevents the laps\ 
from concentrating in any given section. 

One of the f alk'st chimneys of this type' ip the world is located in Japan. 
It is 567 ft. high and 2() ft. 3 in. in diameter at the top. 

Lightning protection is almost invarialJy provided for concrete stacks. 

The determination of th(^ amount of steel reinfot‘cem('nt does not permit 
of simple mathematical calculation because of the number of variables 
entering into the' problem, and grai)hical charts plotted from semi-rational 
formulas offer a simple' solution. The curves in Fig. 21 0 arc' reproduced from 

Principl(\s of Reinforced Concrc'te C'onstruction/^ 2nd Ed., p. 408, by 
Turneaure and Maurer, and are used extensively in this connection. The 
us(j of the chart is bc'st, illusti’ated by a specific, example. 

Example 29. — Dc't-ermine the amount of rcnnforcement required for the 
chimney illustratc'd in Fig. 209 at section BB. 

Solution. — From the drawing we find: 

D = 11 ft. 9.5 in. r = radius of the stc'c'l circle = 5.79 ft. 

d = 10 ft. 1 1/8 in. h = 153 ft. 

The following values may bo obtained by simple arithmetic computa- 
tions, but the actual calculation will be omitted for the sake of brevity. 

W, weight of shaft above section BB, 409,000 lb. 

Ay area of shaft above' sc’setion BB, 4320 sq. in. 

My wind moment above section BB, 2,600,000 ft-lb. 
e, eccc'iitricity = M/W = 6.36 ft. 

e/r = 1.1. 

Assume a maximum compression in the concrete of fc = 360 lb. per sq. 
in. (In practice this assumed value varies from 350 lb. per sq. in. for 
chimneys under 150 ft. in height to 500 lb. per sq. in. for chimneys 350 ft. 
high.) 

rn, a coefficient = fcAIW = 3.8. 

From the cuiwes in Fig. 210, the intersection of in = 3.8 and e/r = 1.1 
gives p (per cent of steel required) as 0.53. 

But p = area steel area section. 

Whence, area of steel = 0.0053 X 4320 = 23 sq. in., corresponding to 
52 3/4-in. steel bars. 
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Other sections at 20-ft. intervals have been analyzed in a similar manner 
and the results inserted in Fig. 209. 

In the earlier types of stccl-concrctc chimneys designe^d and built by 


0.5 i.o '4!^ 



Values of Eccentricity', c^r 

Fig. 210. Wind Stresses in Steel-concrete Chimneys (Tumeaure and Maurer). 

the Weber Company, the amount of steel reinforcement was calculated 
from equation (92), but all recent structures are proportioned on the 
Tumeaure and Maurer chart. The resultant stress R, as calculated from 
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equation (92), necessitates the use of more reinforcement than that derived 
from the chart. 

£vase Stacks. See paragraph 155. 

Desigfi, Conatrvciion and Cost of a 137-/^. Reinforced Concrete Chimney: Engrp;. & 
Contr., Aug. 11, 1915, p. 111. 

150-/'7. (\fncrelc (dninney to Scree Two Bieeehmgs: Power Plant Engrg., Feb. 15, 
1924, p. 240. 


150. Breeching. — The flue or breeching leading from the boiler to the 
chimney should Ix' i)r()p()rti()ned to off(‘r a minimum resistance to the flow^ 

of gases, except per-' 



Two ur More Boilers with Stack 


y -Ureechinif 


in Center 


haps where the mini- 
mum height of stack 
is fixed by other than 
(haft reciuin'ineiits. 
The fluc' may be 
carried over the l)oil- 
ers or back of the 
setting, or even under 
the fire-room floor. 
Underground breech- 


Fig. 211. TyjMis of Rrtvehing ( Vmne(‘< ions for 
Small Plants. 


ings cause excessive 
pressure drop, and are 


difficult to clean. For 


low draft resistanc^e, the brec'chiiig should be as short as possible, fn^e from 
sharp V)ends, and abru])t changers in area, and of a cross-sectional area 
approximat(dy 20 per cent greater than that of the chimney proper. While 
it is possil)l(' t(^ find mathematical expi*(*ssions which permit of rational 
analysis of the ])r('ssur(‘ drops due to Ixmds, suddcni enlargements, skin- 
friction and the like, tlu' coefficients or cxptuimc'ntal factors vary so 
wid(dy in numerical value, and th(' probable opei’ating conditions are 
ordinarily so uncertain, that, refined calculations arc without juirpose. In 
large installations where the influencing factors may bc' approximated 
with reasonable accui’acy, the various friction drops an' calculated by equa- 
tions (74) and (75), but, in the majority of smMl plants, th(‘so I’esistances 
arc based on “ rules of thumb, such as allowing 0.10 in. of water pressure 
per 100 ft. of flue and 0.05 in. per right-angle turn. A breeching of circular 
cross section causes less draft loss than one of square or rectangular section, 
and the flatter the rc'ctangk? the greater is the draft loss. Clean-out doors 
should be provided at convenient points for the removal of soot and for 
access to the breeching. Breechings should be covered with non-conduct- 
ing material so as to reduce heat losses, and the covering should be on the 
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212 . 


A Circular Cc.iilcr-councctioH Breoching 
for Four Boilers. 


Expansion, 

Joint 


Expansion, 
Joint ' 
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outside because an inside lining is difficult to repair and deterioration may 
easily escape detection. The covcM’ing material usually consists of 2 in. 
of block and plastic insulation on wire mesh or rod frame, with a hard 
cement finish. An expansion joint should be provided in the flue to form 
a flexible connection between the flue and slack. This is gtMierally located 
at or near the stack. 

The flue is also de- 
signed to move in- 
dependently. of the 
stack, Gannister padd- 
ing being used to 
effect a seal against 
air filtration. Each 
additional boiler con- 
nected to the brcH'ch- 
ing will cause a pr(‘s- 
sure drop due to fric- 
tion or interference 
of the gases as they 
enter the breeching, 
or to leakage' through 
the dampers when the 
boiler is out of ser- 
vice. A common rule 
is to allow an addi- 
tional pressiu'C drop 
of 0.05 for each boiler 
connected to the 
breeching. The cross 
section of the flue 

need not be the saiiu' throughout its entire length, but may be tapered 
and proportioned to the number of boikns. Wheri*. two flues enter the 
stack on opposite sides, a diaphragm is insc‘rt('d as in dictated in Fig. 204. 
Some of the different arrangements of brec'C'hings and uptakes are illustrated 
in Fig. 211, and Figs. 212 and 213 give the general details of two recently 
installed breechings. 

161 . Dampers. — Dampers are for the purpose of controlling the rate 
of combustion by varying th(i flow of gas to the chimney and for ** cutting 
out ” the boilers entirely. Each boiler should V)e provided with an inde- 
pendent damper for individual control. A main, or stack damper, near 
the chimney is frequently used for controlling the general or total load. 
The datnpers may be controlled either by hand or automatically (see 
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One Sect, ion of a IleclaiiKular Brooching 
for Six Boilers. 
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paragraph 90). Dampers should be made the full area of the breeching 
or uptake, and should bo preferably installed on heavy horizontal shafts 
hung on ball or roller bearings at the ends, and with grindstone bearings 
at intcrmcidiate interior points in case of very long shafts. In best practice 
the end bearings are so installed that they are well ventilated to prevent 
heating and are protected from cinders and dust. 

152 . Chimney Foundations. — On account of the concentration of 
weight on a small area, the foundation of a chimney should be carefully 
designed. In most citic^s, the building laws limit the maximum loads 
allowed for various soils and materials, and although they vary considerV 
ably the average range is approximately as follows : \ 

MATIOUIAL SAFE LOAD, LB. PER SQ. FT. \ 

Hard-burned brick masonry, cement mortar, f to 2 20,000-30,000 

Hard-burned brick masonry, cement mortar, 1 to 4 18,000-24,000 

Hard-burned brick masonry, lime mortar 10,000-20,000 

Concrete, 1:2 : 4 20,000-i0,000 


KIND OF SOIL SAFE LOAD, TONS PER SQ. FT. 

Quicksands and marshy soils 0.5- 1.0 

Soft, wet clay 1. 0-2.0 

Clay and sand 15 ft. or more in thickness 1. 5-3.0 

Pure clay 15 ft. or more in thickness 2.0- 6.0 

Pure, dry sand 15 ft. or more in thickness 2. 0-4.0 

Firm, dry loam or clay 3. 0-6.0 

Gravel, well packed and confined 8.0-10.0 

Rock, broken but well compacted 10.0-15.0 

Solid bedrock Up to J of its ultimate crushing strength. 

Tons per Pile 

Piles in made ground 2. 0-8. 00 

Piles driven to rock or hardpan 6.0-25.0 


Chimney foundations, as a rule, are constructed of concrete, except 
where the low sustaining nature of the soil necessitates the use of piles or 
a grillage of timber or steel. For masonry chimneys, the foundation is 
designed to give the necessary support to the shaft without particular 
reference to its mass or distribution, as the shape of the foundation has 
virtually no effi'ct on its stability as a column. In steel and reinforced 
concrete chimneys, the shape and weight of the foundation are a function 
of the desired factor of stability, since the shaft is securely anchored to 
the foundation and the two form practically one mass. The foundation 
should be designed to fulfill the conditions for shear and flexure in addition 
to the requirements for stability. Where the foundation is not reinforced, 
the angle of the sides with the vertical should not exceed 30 deg. The 
maximum pressure on the soil is the sum of the pressure due to weight 
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only and that due to the wind moment, or, 

Pi - 4.Wi 4 - 362(1 - 2e/b) * 


( 111 ) 


in which 

Pt = maximum pressure due to wind and w(*if»:ht, Ih. per stp in., 

Wt = total weight of the chimney and foundation, lb., 
c = eccentric M/W = wind moment divided by the weight, 

6 = width of the foundation. 

Tall Chimneys: W. Christie, Cbmhustion, Nov. 1913, p. 368. 

PROBLEMS. 

1. Determine the maximum tl^coretical static draft obtainable from a chimney 
200 ft. high; altitude 2250 ft. (barometer 27.5 in.); temperature outside air 80 deg. 
fahr. ; temperature of the flue gas 500 deg. fahr. 

2. Wliat is the maximum theorelical capacity (lb. of gas per hr ) of a chimney 8 ft. 
in diameter for the following conditions: Mean ga.s temperature 600 deg. fahr., outside 
air 60 deg. fahr., sea level, density of gas at 32 deg. fahr. and attnosplicric jiressure 0 085 
lb. I3cr cu. ft? 

3. Prove mathematically that the maximum theoretical capacity is independent 
of height. 

4. Calculate the height of an unlined steel stack suitable for burning 20 lb. of Illinois 
bituminous coal fier sq. ft. of grate surface per hr. for a liand-fired return-tubular 
boiler, standard setting, when the temperature of the outside air is 70 deg. fahr. and 
that of the flue gas is 450 deg. fahr. As.siime a pressure loss in the boiler of 0.02 in. 

6 . Determine the height and diameter of stack for a battery of Wiekes vertical 
water-tube boilers rated at 4000 hp., equipi)ed with chain grates and burning Illinois 
screenings; boiler rated at 10 sq. ft. of heating surface per lip.; ratio of heating surfaiai 
to grate surface, 65 to 1; flue 50 ft. long; stack to be able to carry 100 per cent over- 
load; atmosph(;re temperature 60 deg. fahr., average barometric jiressure 29 in.; tem- 
perature of flue gas at overload 650 deg. fahr.; ealorifn; value of the coal 11,000 B.t.u. 
per lb. Assume pressure drop through boiler from the curves in I'ig. 63. 

6. Compute the size of stack for the conditions in Problem 5 by means of Kent’s 
equation. 

7. Determine the thickne.ss of plate.s at various section.s for a self supporting steel 
stack of the height and diameter as calculated in Problem 5. 

8. Determine the size of foundation for the chimney in Problem 7; firm clay foun- 
dation. 

9. Desig;n a brick chimney suitable for the data in Problem 5. Analyze the various 
sections for strength and stability. 

* Principles of Reinforced Concrete Construction, Turneaure and Maurer. 2nd Ed., 

p. 423. 



CHAPTER IX 

MECHANICAL DRAFT 

163. General. — C'hiniDoys aro iKKiossary for discharging the prodiudi 
of combustion at an clcvaiion compatible with In'alth rocpiirciiK'nts or 
community oi'dinancos. This h('ight is sufficient, in ease! of the great 
majority of small i)ow(t plants, to producf the maximum draft i-equire- 
ments. Small plants, however, which ar(‘ supplied with fuels requiring 
intense draft, such as boiK' coal, low-grad(‘ screenings, culm, and the like, 

s(‘ldom have stacks of 
suffieii'ut height to 
overcome the resist- 
aiic(^ of the fuel bed. 
In many of our large 
industrial plants, and 
in i)ractieally all our 
ultra-modern central 
st ations, the resistance 
to be overcome in 
forcing the air through 
the fuel bed, and the 
products of combus- 
tion through the boiler 
and setting, is far 
lieyond that obtainable with any reasonable height of stack. Further- 
more, if a chimney is deficaent in draft because of additions to the 
boiler equipment or increase in load, there is no method of increasing 
the natural draft except by adding to the height of stack. Artificial, 
or mechanical draft, has solved the problem for the large station 
and offers a simple and effective means of furnishing the entire draft 
requirements or of boosting stack capacity. In a general sense, where the 
total resistance necessitates draft pressures exceeding 1.5 in. of water, 
other conditions permitting, it is more economical to use artificial draft. 
Some idea of the pressure required to effect high rates of combustion in 
locomotive and stoker-fired stationary plants may be gained from an 
inspection of the curves in Figs. 214 and 215. See also paragraph 81 for 
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Fig. 214. Isolation Between Draft and Rate of C 'oiii- 
bustion. C loiisolidated Locomotive. 
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pressure drops through boilers and paragraph 203 for pressure drops 
through economizers. 

Mechanical draft has many advantages, and under certain conditions 
is indispensable; it is very flexible and readily adjust'd to effect various 
rates of combustion, irrespective of climatic* inducMUH's, and permits any 
practical degree' of overload without undue' e'xpe'uditure* of e'nergy. 

Artificial draft may be^ broadly e‘lassifie'd under two heads: 

1. The vacuum or induced draft, and 

2. The plenum or forced draft. 

In the induced-draft system, a partial vacuum is produce'll above the 
fire by suitable apparatus, and the^ e'ffee't is substantially that of natural 
draft. 

In the' forced-draft systi'in,* pre'ssme*, above' that of the atmosphere, is 
created below the fued he'd, the air bediig forced through the fuel. 



Fig. 215. Approximate Forced-draft Pr(‘,.s.surc Required at Different Rates 

of Combustion. 

A neutral furnace draft may be I'Pectenl by a combination of forced 
draft and induced or chimney draft. The pressures creatiKl by forced 
draft is made sufficient to ove*rcome the resistance' of the fuel bed while 
the chimney or induced \lraft is depended ui)on for cremating a suction 
throughout the furnace and setting. The adjustment is such that practi- 
cally atmospheric or a slight suction pressure exists in the combustion 
chamber. 

In all these systems the artificial draft is usually produced by either 
(1) steam jets, or (2) centrifugal fans or exhausters. 

154. Steam-Jet Blower§ and Exhausters. — Steam jets are frequently 
used for forcing air through the fuel bed and occasionally for creating all 
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or a part of the draft pressure in stationary plants, though this practice is 
not as common in America as in certain parts of Europe. Steam jetj 
placed in the })recching or stack create a suction throughout the boiler 
setting, and their action is similar to that of a chimney. When placed 
Deneath the fuel bed, tlu^y create a pressure great(‘r than atmospheric, 
and foi‘(‘(‘ ihe air recpiired for combustion through the 
fuc‘l. IikIucamI draft produced by steam jets is inex- 
I)('jisiv(' in first (“ost and in cost of operiitioii, provided 
th(' st(‘am used is a waste product, as for jL^xample, in 
locomotive i)rac-tice, but the cost of oiKuation is iisuallj^, 
j)rohil)itlv(' if live steam must be us(‘d. In order to' 
develop sufiiciiuit chimney ac.tion for operating the entire 
boih'r, froiu 3 to 20 p(T cent of the live st('am generated 
is required by the jet, depending upon the amount of 
steam g('nerat('d, nature of the fu(^l, character of the 
ecjuipnirnt, and rate* of combustion. Figure 210 shows 
a simph; form of jet devic.e for increasing the draft in a 
staclc, but one whi(;h is very extravaga,nt in the use of 
steam. llighcT capacitu's and lower stevam consum))tions c.an be had 
with a singles expanding nozzle surrounded by a series of concentric 
diffusing clones, as illiisirat(Ml in Fig. 217. 

Attention should be called to the fact that it is the 
velocity and not th(i wciijht of st(\am which creates the 
draft, and for this reason the nozzles should be of the 
expanding typ(' designed for maximum velocity. The 
suction creatcKl l)y a st(*am jet for induced-draft service 
should not exceed 3/4 in. of water; oth(‘rwisc the st(;am 
consumption per cu. ft. of flue gas discharged may be- 
come excessive. It is a safe rule to avoid the use of 
live steam j('ts for creating induced draft, except possibly 
in small plants where the stack action is defective and 
forced draft is inadvisable. 

Steam jets for forced draft are seldom designed to 
produce the entire' draft requirements of a boiler, but are 
primarily intended to overcome the resistance of the grate 
and fuel bed only. In this connection most of them 
consist essentially of some form of hollow grate bar through which the 
steam jets forct' a current of steam and air. Figui’e 218 shows a type of 
jet blower which involved to some extent the principle of the ejector. In 
hand-fired furnaces, the live steam required for jet operation varies from 1 
to 16 per cent of the total generated by the boiler, depending upon the 
amount of steam generated by the boiler; the draft pressure to be devel- 





Inlet 

Fig. 217. Prin- 
ciples of Koert- 
ing Chimney 
Ventilator. 



Fig 21(1. King 
St(*Jiin Jet. 
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oped; number, size and design of nozzles; design of the grate, and the 
nature of the fuel and the rate of combustion. The values in Table 51 
may be used as a guide for approximating the weight of saturated steam 
flowing through nozzles of ditlerent sizes. Foi' superheated steam see 
equation (172). In certain i 3 q)es of stoker-fired furnace's, steam consump- 
tions as low as 1.2 per (*ent of the 
total generated by the boilc'r liave 
been recorded. In the lattca- case tlu' 
jet merely ovcircame pari of tfu' r(‘- 
sistance of the fuel bed. Th(‘ action 
of the steam with some classes of 
fuel is to reduce the formation of 
clinker and lowc'r the draft resist- 
ance of the fuel bed, but a suitable 
fan in connection with exhaust. st,('am is ordinarily more economical 
for this condition than a live-steam jt't blower, lligh-pressun^ live- 
steam j(^ts liVi) decidedly unc'conoinical from the standpoint of steam 
coiivSiimption for draft i)r(‘ssures (‘xceeding 3 in. of watc'r, and should 
never consid(M(‘d in tlu' design of a new plant, ('xcc'pt for jmi'poses other ' 
than that of producing “ draft.” The volumes of air (k'livf'nnl by a properly 



Flo. 218. McChivcs Argatid Hlowcr. 



Fin. 219. Performance of Koortiiig Steam-jet Blowers. 


designed jet, with stoarn^at initial pressures varying from 45 to 115 lb. 
gage, varies from about 250 cu. ft. per lb. of steam for a static pressure of 
1 in. of water to approximately 180 cu. ft. per lb. for a static pressure of 
4 in. (See Fig. 219.) Water jets serve the same purpose as the steam-jet 
type of apparatus, but they are seldom found in American practice. 

A Modern Stearn-jet Furnace: Gas Journal, Sept. 19, 1923, p. 870; Mech. Engrg., 
Jan. 1924, p. 44. 
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TABLE 51 


APPROXIMATE WEIGHT OF SATURATED HTEAM DISCHARGED THROUGH NOZZLES 

Lb. per Min. 

(Riisod on Napier’s Rule) 


Diameter 





Slcum PiiwHiiio, J.b. por Sr(. 

In (Jam' 




eet Soc- 

S(i. In. 














lion, In. 


40 

50 

60 

70 

80 

90 

100 

110 

115 

125 

1.50 

175 

200 

\ 

0.0123 

0.00 

0.70 

0 80 

0 00 

0 90 

1 10 

1.20 

1 31 

1,36 

1 40 

1.73 

1.00 

2 26 


0.0276 

1.33 

1 56 

1 70 

2 02 

2 21 

2 48 

2 71 

2 00 

3 07 

3 31 

3 00 

4 40 

5 oA 

1 

0 0401 

2 41 

2.83 

3 26 

3 68 

3 08 

4 39 

4 81 

5 23 

5 44 

5 86 

6 00 

7 06 

0 02 ] 


0 0767 

3.70 

4 45 

5 12 

5 77 

6 23 

6 87 

7 54 

8 20 

S 51 

0 17 

10 75 

12 47 

14 05 


0.1100 

5 42 

0 35 

7 33 

8 25 

8 06 

0 92 

10 85 

II 80 

12 28 

1.1 23 

15 00 

17 0.5 

20 35 

I’fl 

0 1503 

7.40 

8 66 

10 00 

11 25 

12 21 

13 40 

14 78 

16 07 

16 72 

IS 00 

21 22 

24 43 

27 70 

i 

0.1963 

0.65 

11.30 

3 05 

14 70 

15 02 

17 61 

10 30 

20 OS 

21 82 

23 50 

27 70 

31 00 

36 13 


0.2485 

12 25 

14 40 

10 00 

18 70 

20 17 

22 30 

24 ^2 

26 56 

27 60 

20 75 

35 10 

40 40 

45 75 

1 

0 3068 

15 10 

17 75 

20 40 

23 (K) 

24 00 

27 55 

30 10 

32 SO 

34 10 

36 70 

4.1 .31 

40 SO 

56 .50 

il 

0.3712 

18 25 

21 40 

24 65 

27 80 

30 15 

33 31 

36 45 

30.68 

11 25 

14 40 

.52 40 

60 .16 

68 31 

1 

0.441H 

21 80 

25 fiO 

20 40 

33 20 

35 85 

30 60 

43 13 

47 20 

40 20 

52 00 

i>2 30 

71 S3 

81 30 

H 

0 5185 

25 50 

29.90 

34 40 

38 20 

42.10 

16 50 

50 00 

55 40 

57 64 

62 00 

73 10 

84 25 

0.5 45 

1 

0 6013 

20 60 

34 80 

40 00 

45 10 

48 75 

53 06 

50 10 

64 27 

61* 84 

72 00 

HI 8(1 

07 77 

110 .50 

U 

0 0003 

34 00 

39 90 

46 00 

51 75 

56 10 

61 00 

67.80 

73 70 

76 74 

82 60 

07 .50 

112 24 

127 10 

1 

0 7854 

38.00 

45,40 

52 20 

50 00 

63 75 

70 41) 

77 22 

83 04 

87 31 

03 00 

110 82 

127 71 

144.50 


165 . Fan Draft. — In the great majority of steam plants opiTating with 
mechanical draft, forced or iii(hi(;ed, the draft pr(\ssuro is creatc'd by some 
sort of centrifugal blower or (‘xhanster. A few years ago it was common 

practice to install a single blower or 
(‘xhausti'r for an entiri^ batti^ry of 
boilers, diiplieab' fans Ix’ing installed 
only whcr(^ continuity of opiu'ation 
was of pi’ime consideration. While 
this practice is by no nu'ans obsolete, 
most of the mode i n boiler units are 
eipiipped with independent blowers 
and exhausters. This is true not only 
for the huge stoki'r-fired units in the 
large central station and industrial 
plant, but -also for th(^ hand-fiied 
boilers in the small isolated station. 
A common duct or plenum cliambiu’ 

FIG. iypicair orcea-arnicrjquip- . . , 

ment. Hand-fired Boder. frequently used m connection with 

the individual fan system, but this 
is intended primarily as a “ cross over ” for emergency use rather than a 
distributing main. 

Figure 220 shows an installation of a turbo-undergrate blower in the 


Steam to Turbine 
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side wall of a hand-fired boiler, illustrating current forced-draft practice 
for this class of equipment. The blower, consisting essentially of a small 
impulse steam turbine, direct connected to a specially designed propeller 
fan, may be placed in the rear or front wall instead of the side wall as 
illustrated. Tlu; blower discharges Ixdow the giab' and may be auto- 
matically controllc^d by dampi'r rc^gulation. The turl)in(‘ exhaust may be 
discharges 1 into the aslipit or it may be used in the feedwater heater or other 
heating devices. While' the orelinary propeller type of undergrate blowTr 
is a compty atively le)w-effie'i(‘ncy mae'hine, small blowe'rs of the C^^oppus 
“ Vano ’’ type have be'cn deve'lope'd to a high state of effieiiency comparable 
with that e)f the large'st multi-viine units. 

Figure 221 she)ws tlu^ ap])licatie)n of a foi'ere d-d raft fan to a boiler unit 
equipped with iinderfeeel ste)kers, illustrating curremt practice. 



Ficj. 221. Typical Forceel-clriift Installation. Uiulerfeeel Stokers. 


In most installations, fe)rced draft is e?nij)loyeel me'rely to overcome the 
resistance of the fued he'd and ne)t to overcenne the adelitional resistances 
of the gas passages. In order to force the gases through the various boiler 
passes, as well as to feed air through the fuel bed, a pn'ssure greater than 
atmospheric would have to be maintained throughout the entire setting. 
This would tend to force the gases outward through any leaks in the set- 
ting, or in case of a tight setting, to force them through the fire door when 
the fire is clcans(^d or replenished. In the modern plant a neutral or 
preferably a slight suction is maintained in the furnace, and the rest of the 
gas passages leading to the stack are under suction. Air pressures neces- 
sary to overcome the resistance of the fuel bed and stoker vary from a 
fraction to 8 in. depending primarily upon the nature of the fuel, design 
of stoker, and rate of driving. 

Forced-draft traveling-grate stokers are generally furnished with air 
from -a unit-fan system with ducts leading to the various pressure com- 
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partrnents, though a central fan system with a main duct leading to the 
individual boilers is not uncommon, particularly in the smaller plants. 
The Illinois forced-draft traveling-grate stoker is frequently equipped with 
a number of small Coppus Turbo-vane blowers, one blower for each 
compartment. 

Figure 222 shows the application of a forced-draft fan to the air-pre- 
hcater equipment at the Colfax Station of the Duquesiui Light Co., Pitts- 

bui’gh, Pa. The cormecition ber 
tween the common forced-draft 
duct and windbox normally sup-\ 
plying the boilers has been re-\ 
tained, but it is cut off by means 
of a shut-off damper when the 
])relieater syst(‘m is in operation. 
The air is taken into the pre- 
heater from the boiler room di- 
ri'ctly over the boiler, as in- 
dicated, (tarried down the duct 
by the fan, and discharged into 
the stoker wind box by means 
of two duc.ts extending on either 
side of th(' boiler. 

In marine practice, forced draft 
is commonly furnished on either 
the closed stokehold or the 
Howden system. In the former 
the boiler room is entirely closed 
and provided with air locks for 
the passage of the boiler-room 
crew. The fans discharge di- 
rectly into the boiler room and 
maintain a static pressure of from 3/4 to 3 in. of water. In the Howden 
system, the air in the stokehold is at the same pressure as the outside air, 
but the ashpits are sealed. Most of the air, preheated by the flue gases, 
is delivered to the ashpits under pressure of 1 to^ in. of water, but a small 
amount is admitted above the fires. 

In the induced-draft system, the suction side of the fan is connected 
with the uptake or breeching of the boiler or batteries of boilers, and the 
products of combustion pass through the body of the fan. The action of 
the induced system is identical with that of a stack of equivalent capacity. 

Induced draft is generally necessary in connection with economizers or 
flue-gas air-preheaters, because the high frictional resistance of these ap- 



with Air-i)reh eater. — Colfax Station. 
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pliances and the low temperature of the waste gas(is etfeeted by the heat 
transmission require an excessive height of stack. Induced-draft fans 
are also installed in connection with forced-draft blowc^rs where there are 


Fig. 223. 



Induced-draft Equipment for One Group of Boilers. Hell Gate Station. 



tiG. 224. Induced Draft for Was<«-heat Boiler Equipment. 


no economizers or air-preheaters, but where the pressure drop from furnace 
to uptake is very high at peak loads. For example, in the Hell Gate 
power house of the United Electric Light and Power Company, induced 
draft' is used in connection with a stack 258 ft. high, and there are no 
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economizers. Each group of six boilers has a single stack and breeching, 
Fig. 223. CUndcr-(jatching conipariinents arc installed in each uptake. 
In each of these, the gases rising from the uptakes are shari)ly d(^flect(id by a 
baffle, so that th(^ cinders ai e thrown into a tank of water. The induced- 
draft motors arc started by hand but are thc'reafter automatically rcigulated 
by balanced-draft control. Provision is made to by-pass the flue gases 
around the induced-draft fans inasmuch as these; fans are needed only at 
peak loads. ; 

Figure 224 shows the application of an induced-draft fan to a Kidwelly 

boil(;r setting for utilizing waste heat from \ 
(;ement Idlns. 

Induced-draft Fans operate with much 
higher gas ^velo(‘ities than forc(;d-draft 
fans, at times reaching (>() ft. per sec. At 
these high velo(‘ities, cinders and other 
suspended earthy mattt'r produce' a elecieleel 
ere)sive ae*tie)n. Specially ele'signeel fans 
for e'jee;ting the ciiielers are found in the 
latest pe)wer house ele'signs. See Fig. 225. 
Be'arings are alse) water-e;ooled to prevent 
the lubrie*ation fi’om being Imrned out 
by the' heat conelucted from the gases to 
the journals. 

It is not generally appreciated that more 
power is reepiired to create the draft from 
the he)t than from the cold enel, although 
tlie weight of gas and the pressure heael 
is the same. An inspection of equation 
(117) will show that the horsepower is 
a elirect function of the; volume of gases 
discharged, and, since the volume of the 
Fig. 225. Sturtevaiit Combined flue gas is approximately twice that of 

Induced-draft Ian and Cinder entering air in the average plant. 

Eliminator. • j i i i 

the power required by the induced- 

draft fan will be about twice that absorbed by the forced-draft fan. The 

temperature inert'ase of the flue gas by the fan compression will be nearly 

twice that of the cold air for the same pressure range, thus accounting for 

the apparent anomaly between horsepower as calculated on the weight 

and on the volume basis. 

The Ellis and Eaves system is an application of induced draft in which 
the air for combustion is preheated by the waste gases before passing 
through the furnace. The boiler and setting is entirely closed, so that the 
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suction of the induced draft draws the cold air through the preheater and 
the products of combustion, in series, through the combustion chamber, 
boiler tubes, and uptake Ix'fore discharging them to waste. This system 
is used chiefly in marine pra(‘tice. 

In the Pratt system, indiaxMl draft is ('hected in (‘onnection with an 
evase or Venturi stack (1) by introducing a l)last of atmospheric air from 
a low-pressure blower just below th(" throat of the stack, or (2) by passing 
a small amount r)f the chimney gas through an induced-draft fan and 
. „ dis(^haiging it into th(^ throat. Th(^ evas6 stack is of 

G 0 , . , . , 

tj light sh(‘et-iron construction, com- 

1 I jiaratively short, and shaped as 

1 I sIkjwii in Figs. 226 and 227. The 

1 I suction draft is creatc'd by the 

1 / (\iector action of the jet in being 

\ / 'Z (lischarg(Ml through tlu^ narrow sec,- 

1 / tion of throat of th(i stack. This 

1 / syst(‘m is finding favor with Euro- 

'I 1 I jiean engineers, but has not yet 

1 j been iiitroduccxl to any (^\tent in ~ 

tli(' United States. The arrange^- 

/ \ ment sliown in Fig. 227 lu^cessitates 

the use of higher air ])ressures and jlj 

m iXHpiires nion^ power for a given 

suction jnessure and capacity than 
does that shown in Fig. 226. In W ] — 

^ f Blower i 

^6o^j — >j tho cold-air system, the static 

To Breeching prCSSUrC of the bloW(M’ is approxi- Blower \ / 

Fig. 22t). Ev:i.s6 mately eight times the draft-pres- Breechmg 

Stack. Outer (Jir- reciuirements in th(' brec'ch- yw 227 Evas6 

lb!';ioar,ir A notable installation Of the stack/ Inner 

Pratt system is at the Fulton Circuit. 

St. Relating Plant, Grand Rapids, 

Mich. For a des(‘Tiption of this plant, together with guaranteed per- 
formance of the stacks and fans, consult Powers July 8, 1924, p. 46. 
The data in Table 52 are of interest in showing the p(*rformance of 
one of the two evase stacks, 68 ft. high by 9 ft. 10-iri. diameter 
(at the top), at the power plant of the City of Edmonton when operating 
at various loads. Th(\se stacks are 5 ft. 3 in. in diamet(U' at the throat 
and furnish the draft for eight 4780 sq. ft. B. & W. boilers equipped 
with chain grates of 100 sq. ft. grate area each. 


Fig. 227. Evas6 
Stack. Inner 
Circuit. 


Venturi Stacks, by A. W. H. Griepc; Combustion, Apr. 1922, pp. 166-175. 
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TABLI'] 52 

PUATl’ INDUrKD-DIlAl'T PLANT 


Fan 
li p.iiu 

J^luo-KiLs 'J'onii), 
Dck. Fahr. 

Siintion PrpHhiiro 

Jn. ol Water 

Stahf Pressiiie 

In ofWalei 

Hp. to Opomte 

Fan 

450 

450 

0 71 

3 95 

26.2 

490 

450 

0 76 

4 65 

31 6 

545 

450 

0.S4 

5 50 

40 0 

600 

450 

0.98 

7 10 

49.0 

696 

450 

1 09 

8.60 

. 71 0 


Tall chimnoys are a necessity in most cities, since legislation r(‘quires 
the gases to be discharged at a height above that of adjacent buildings. 
In such situations, with stokia’s of the forNnl-draft tyj)e, tall stacks or 
induced draft would at first thought appear to b(^ a necessary evil. Ex- 
perience, however, shows that suction draft is an iiniiortant factor in 

effecting ofFicient com- 
bustion and in prolonging 
the life of th(' furnace 
brickwork. By mutually 
adjusting the pressure 
crcat('d by tlui forced- 
draft apj)aratus and the 
suction of the chimney 
or its equivalent, a neu- 
tral or balanced effect 
can be produced in 
the combustion chamber; 
that is, th(' pressure in 
^ \ ^ ^ the combustion chain- 

Fiq. 228. Pressure Drop through Bo.lors. - Com- practically 

bined Forced-draft and Chimney. atmospheric. The rela- 

tive pressure drops are 
shown graphically in Fig. 228. This condition of positive pressure under 
the fire bed, zero or preferably a slight suction pressure in the com- 
bustion chamber, and a suction pressure throughout the rest of the 
setting (I) prevents discharge of the furnace gases into boiler room 
through leaky fire doors, inspection doors, and cracked setting; (2) 
minimizes stratification and short-circuiting of the air supply and com- 
bustible gases; (3) reduces the “ soaking up ” action of heat by the 
furnace brickwork; (4) assists reduction of air excess; and (5) effects 
on increase in overall boiler, furnace, and grate efficiency. Most 





H 


Atmospheric Presmre 



MIX HANICAL DRAKr 


353 


of our modern central stations arc operating with practically balanced- 
draft conditions. In these' plants the stoker speed, fan speed, and stack 
damper are automatically controlled so as to effect th(i desired result. 

In a number of ultra- inode'ni central stations, the chimneys are 250 ft. 
high or over, and are^ served with lioth forced- and induced-draft fans. 
The induced-draft fan givc's a maximum suction in tlu' uptake of 2 in. or 
more of water pressure, and the forced-draft e(iuipment is capable of 
maintaining a static pr('ssur(^ of 10 in. of water uiid('r ihi) grates. After 
the gases hav(' passed from the l)oil('r, thisma}' be disc'Iiarged directly into 
the stack, or, by closing i)i-oper damiw'rs in tlic breeching, can be made to 
pass through the economizer and Hum to the stack; by closing a second 
damper, the gases are made to ])ass through the induc(‘d-draft fans before 
going to th(' sta(.‘k. This makers it possibk^ to opc'rate the boilers under 
the most economical conditions at all times. 

Forced Draft (Serial): Slcaiii Power, May to Nov , 192li. 

Mechanical Draft: Power Plant ICnsrp;., Oct. 1, 1922, ]). 

166 . Types of Fans. — The large majority of ccaffrifugal fans for mechan- 
ical draft may be divided in two g('n(Tal classes: those having rotors with 
a few straight or slightly curved blades of considerable length radially, 
Fig. 229, commonly d('signat(‘d as steel-plate or paddle-wheel fans, and 
those having rotors with a number of short curved blades. Figs. 230-232, 



Fig. 229. Standard Steel- Fig. 230. ^‘Sirocco” Wheel Fig. 231. Single Co- 
plate Fan Wheel. Turlnne Tyj^e Impeller. noidal Fan Wheel. 


generally known as multi-vane fans. Th(' fornuT are primarily intended 
for slow-spced drives and th(^ latter for direct connection to high-speed 
motors or steam turbines. The blast wheel of the steel-plate fan has 5 
to 12 radial blades, depending upon the size of the fan. The blades are 
of heavy steel plate riveted to cavst-steel or structural-steel spider arms. 
The housing is involute in form and made of heavy steel plates, the scroll 
being' of such proportions that the velocity is gradually reduced without 
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PiQ. 232. High-speed, Multi- 
vane Fan Wheel. 


loss or shock. The inlet cone is designed to give a gradual increase of 
velocity with a minimum loss. The blast wheel of the multi-vane fan 
has 20 to 60 short pressed-steel blades riveted to the back and front 
plates as shown in Fig. 230. ]‘\)r high velocities, in order to withstand the 

centrifugal stresses, the blades are freciueiitly split up and reinforced by 

annular stiffening rings, as illustrated in Fig. 
232. The multi-vaiu^ fan has practically sup- 
plantcnl the st(^el-j)late type iji the large moden| 
power house, ])ecaus(" of ii-s (U)mpactness foil 
a given capacity. Th(' iendiaicy toward high\ 
rotativ(^ si^hhI in mechanical-draft api)aratusl 
is evidenced l)y the lu^licoidal impeller-type of 
runner manufac^tured l)y the Rateau Battu 
Smoot C/ompany. In one design the impellers 
are 18 in. in diameter ai^d operate at 5000 
r.p.m., giving a tip s])eed of 23,500 ft. per min., 
and a corresponding static pressure of 7 in. of water when deliv(‘ring 30,000 
cu. ft. of free air ])er min. Fans may also be classific'd with respect to the 
direction of the l)ladc at 
the periphery, as: (1) the 
forward curve, (2) the 
radial tip, (3) the partial 
backward curve, and (4) 
the full backward curve. 

Each shape influences 
the relation betw(ien prc^s- 
sure, efficiency, power re- 
quirements, speed, and 
capacity, and controls the 
selection for a given set 
of operating conditions. 

The housings for the 
rotor may be arranged 
for top or bottom hori- 
zontal discharge, up or down blast, or any othdt* position depending upon 
the arrangement of the draft system. 

Figure 233 shows a section through a Coppus turbine-driven “ Vano ” 
blower which differs considerably from the t 37 K's previously described 
both in principle and in operation. The blower is a screw-blade propeller 
so designed that the air leaves the blades in the same direction as it enters. 
The air leaving the propeller is forced through guide-vane blades which 
have a curvature increasing in the direction of rotation of the propeller, 



Fig. 233. 


Sectional View of Turbine-driven 
“Vjino” Blower. 




MECHANICAL DRAFT 


355 


and which, in conjunction with a diffusing cone, convert a considerable 
part of the velocity pressure to static. The particular blower illustrated 
is drive'll by a small self-contained steam turbine, but direct-connected 
motors may be used in place' of tlu' turbines. \'ano blowers operate 
against pressures up to 8 in. of water, and the tnanufacturers claim effi- 
ciencies up to 80 per cent with jnactically no variation in power consump- 
tion at constant spewed for variations in air delivery or pressure. See 
Fig. 241. 

157. Eleipentary Theory of Fans. — The advent of the underfeed stoker, 
calling for large volumes at higln'r ])iessures than had Ix'en pn^viously re- 
quired from fans, n(‘C(\ssitat(Ml sti‘ong('r and heavi('r (‘onstruction for slow- 
speed engiiK^ drive's and basically new designs foi- high-speed motor and 
turbine drivers. The fundamental tlu'ory of air flow is the same for all 
types of c('ntrifugal ])lowers, Init tin' actual p(‘rforman(*e is dc'pcndent upon 
so many variables involving const ru(‘tiv(‘ details that general rules for 
design are without puri)os(\ Th(‘ d(W('lopm('nt of a ])arti(ailar type of fan 
is largely a niatbu' of expc'rimiuit, and th(‘ (h'sign of blade shapes, blade 
angles, and the lik('. is basc'd primarily uj)on the results of these tests. 
Because of the vast amount of data involv(‘d, no attempt will be made to 
analyze the problem of (U^sign, and only such elementary theory will be 
discussed as is necc'ssary for a clear undei'standing of the principles of 
operation. 

Presmre. — The main ol)je(‘t of a forcxul-draft fan in a bulk-fuel-fired 
plant is to force air through the fuel ))ed in (piantiti('s sufficient for com- 
bustion and under i)r('ssures high enough to ov(’rcom(' the various frictional 
resistances. In forccnl-draft powdered-fuel-burning plants, the fuel is 
carried in suspension in the? combustion air, but, b('caus(^ of the frictional 
resistances in th(' burner (‘quipiiumt and th(‘ high vt'locity of the jet, high 
initial static pressures are frecjuently n(x*,c*ssary. Similarly, the induced- 
draft fan must b(' capable of maintainiTig a slight suction over the fire 
under all conditions of load. Air or gas in motion in a conveying system 
has three distinct pjessurcs, naim^ly, velocity, static, and dynamic. 
Velocity pressure, as the name implies, is the head recpiired to impart 
motion to the fluid; static pressure is th(' head recpiired to overcome the 
resistaiKX^ offered to the ^ow; and dynamic pressure is the sum of the 
static and velocity heads. Since the resistance to flow is large in average 
mechanical-draft practice, it is evident that tluj greater the static pressure 
developed at the fan outlet in proportion to the velocity pressure, the 
more (iffective will be the perfonnance of the fan. 

If the delivery or suction pipe of a fan is sealed against flow, there can be 
but one pressure, namely, static. Referring to Fig. 234 A” represents 
a manometer-equipped Pitot tube inserted in the suction or discharge 
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conduit of a centrifugal fan so as to face the current, and “ B ” is a ma- 
nometer attached to an opening in the wall of the casing. For accurate 
determinations manometer B ” is attached to a piezometer ring. “A ” 
receives the full impulse of the stream and the manometer indicates the 
total or dynamic pressure, while “B ” registers the static pressure only. 
With the pipe sealed against discharge, resistance to flow is a maximum, 
there is no flow and the liquid depnvssion in both manojiH^ters is the same; 

therefore, the static and 
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dynamic pressures are 
equal, or, what amounts 
to th(^ same thing, there 
is only static pr(\ssure in 
the conduit. If the con- 
duit is opened to its maxi- 


mum and there are no frictional resistances, th(' static pressure indicated 
by manometer “B,’’ Fig. 235, becomes zero while that in A stands 
at a height equivalent to the full impulse of the stream, that is, there 
is only velocity pressure in the conduit. Th(^ liquid depression in 
manometer “ A is a measure of the velocity of the air at tlu^ point 
where the mouth of the Pitot tube is located. Since th() velocity is 
greater at the center than near the walls of the (jonduit, it is necessary 
to take a large number of readings at various points in order to 
obtain the average velocity. The velocity of air at a given density which 
will give a manometer depression of one 
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inch of water is known as the velocity 
constant of air at that density. 

If the flow is restricted as by throttling, i 
there is a depression in both manometers, 

Fig. 236, that is, there is both velocity 
and static pressure in the conduit. The 
difference between the depressions in '' A and B ” is the head due to 
velocity. By connecting the two manometers as outlined in Fig. 236 (C), 
the velocity pressure is given directly. 

Pressure resulting from a current of air or gas flowing at a velocity cor- 
responding to that of the tip of the blades is desljgnated by fan builders as 
peripheral-velocity pressure. 

In any centrifugal fan, the pressure is the resultant of centrifugal 
force due to the rotation of the air within the wheel and the kinetic 
energy contained in the air by virtue of its velocity upon leaving the 
tips of the vanes or blades. In mechanical-draft practice, the kinetic 
energy of the air leaving the periphery must be converted largely into 
potential energy in the form of static pressure before being serviceable. 



MECHANICAL DRAFT SS'k 

This conversion is ordinarily (‘ffectod in the scroll formation of the 
fan housing. 

The lowest pre^ssure required of a forced-draft fan is usually about 2 in. 
static pressure, which occurs in hand-fired practice, and the highest draft 
necessary at 300 to 400 per cent of boiler rating is approximately 7 in. 
static pressure, wherc^ underfeed stokers ar(‘ used. Static pressures for 
induced-draft fans range from 1.5 in. to 7 in. depending upon the resistances 
to bo over(*.ome and the temp('rature of the flue gases. 

For a giyen fan-piping system and air density, the pressure developed 
varies as the scpiare of th(^ spewed, but because of the numerous factors 
involved, such as blade shapes, blade angles, housing designs, capacity, 
and the like, (jxact valu(\s cannot be expressed by simple mathematical 
equations and recourse must bc' had to characteristic curves plotted from 
actual tests. (S(je paragraph*! 58.) 

Velocity and Presmre, — In all centrifugal fans, the vcilocity of the air 
leaving the blades l)ears a definite^ reflation to the peripheral velocity 
of the fan wheel. This relationshif) is greatly influenced by the design of 
the blading, as will be seen from an inspection of Fig. 237. The line u 






Backward 
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represents th(^ ])eripheral velocity in direction and amount; r the velocity 
of the centrifugal force of the air, and v the resultant v(docity with respect 
to the fan casing. It will be seen that with the radial and bent-forward 
blade the resultant is greatc'r than the, peripheral velocity, while with the 
blades bent backward the result ant velocity is less. By changing the direc- 
tion of curvature a wide rang() in resultant velocities is possible. The 
velocity of the air leaving the tips of the blades is greatly in excess of that 
ordinarily recpiircd in nuxbanical-draft systems. By enclosing the wheel 
in a casing having a properly designed scroll, part of the velocity pressure 
is converted to static. The velocity at the outlet of the average fan at 
rated capacity is approximately one-half the peripheral velocity. For 
ordinary fan work, where the air or gas is but slightly compressed, the 
relationship between pressure and velocity is substantially 


V = v^h 


( 112 ) 
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in which 

V = velocity of flow, ft. per sec., 

g = accelciation of gravity, 32.2 (approx.), 
h = head of gas causing flow, ft. 

By converting h” in fe(^t of gas to the equivalent pressure in inches of 
water, and considering time in minutes instead of seconds, equation (112) 
may l)e expr(»ssed 

r = CVJT~il ■ (113)' 

in which 

V = velocity, ft. per min., 

C = constant = 109(), 

p = pr(‘ssure drop producing velocity, in. of water at 02 deg. fahr., 
d = density of the gas, lb. per cu. ft. 

For standard conditions, dry air at 70 deg. fahr., barometer 29.92 in., 
relative humidity 70 pen’ cent, d = 0.07465* hene^e^ 

= A' v^'^401 1 Vp (1 14) 

Where quietness of operation is necessary, the velocity in the duetts should 
be limited to 2000 ft. per min., but where this is not (\ss('ntial, velocities as 
high as 5000 ft. per min. may be used. This refers only to cold-air systems. 
For hot gases, as in (lonnection with induced-draft fans, the velocity may 
be practically doubled. Th(^ frie.tion lossc's incrcnise rapidly with the 
velocity, so that the usual compromise must be made l)etweon size and 
velocity; otherwise, the pressure drops become excessive. 

Capacity. — For a given fan size, piping system, and air density, the 
capacity, Q, varies directly as the velocity and hence as the speed of the 
fan, thus, 

Q = vA (115) 


in which 

Q = volume, cu. ft. per min., 

V = velocity, ft. per min., 

A = area of the conduit, sq. ft. 

Since the velocity varies as the square root of the pressure drop 

Q= KAV^, (116) 

* A.S.H.V.E. and N.F.A. Code. A.S.M.E. Code recommends 68 degrees tempera- 
ture and density of 0.075. 
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in which 

K = coefficient determined by experiment; otlier notations as in equa- 
tions (113) and (115). 

Horsepower, — The horsepower recpiired to operate' a fan varies directly 
with the capacity and the total or dynamic pressure, thus: 

Hn = 5.2 Q X Pd _ QQQ()i57 ^ ^ fll?) 

33,000 Xi^; O.OOOlo? ^ (117) 

in which 

E = total efficiency of the blower, 

Pd = dynamic pressiii e, in. of water. 

Combining equations (110) aiMl (117) and reducing, remembering that for 
constant orifice conditions and at known air density the veloc^ity pressure 
bears a definite relation to the perii)h('ral v('loeity, we have 

Hp. = Bp^ (118) 

in which 

B = coefficient involving all constants and reduction factors. 

Equation (118) shows that the horsepower varies as the cube of the square 
root of the pressure. 

Since the capacity is directly" proportionate? to the peripheral velocity 
or fan speed, and the ]^r(‘ssure developed varies directly as the square of 
the speed, it follows that the horsc'power varies as the cube of the speed, 
thus: 

Hp. = MN\ (119) 

in which 

M = coefficient involving all constant and reduction factors, 

N = speed of the fan, r.p.m. 

The marked increase in power for even a moderate increase in speed 
should be borne in mind in selecting a fan. It is, as a rule, more economical 
to err in selecting too largft a fan than one which must be forced above its 
rated speed. The capacity varies directly with the speed; therefore, the 
horsepower also varies with the cube of the capacity. 

Equations (115) to (119) are based on the assumption that the resistance 
is constant. In underfecd-stoker practice the resistance is not constant, 
and therefore the fans do not follow these laws. The dotted curves in 
Fig. 238 show the relation between volume and pressure in accordance 
with the constant-resistance law, while the full-line curves show the actual 
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relationship for a specific case. Figure 239 shows the relation between 
draft pressure and rate of driving for an underfced-stoker equipment in 
which there is a decided falling off in pressure rcciiiiremonts at the higher 



Fig. 238. Relation of Volume and Pressure of Air to Fan Speed. 


ratings. This is due to the extreme agitation of the fuel bed at heavy 
loads. Table 41 shows the influence of the solid constituents on the 
resistance through fuel bed and grate with underfeed stokers. 

Manomeiric Efficiency. — This efficiency is the ratio of the dynamic 

head as actually observed to the maxi- 
mum theoretical dynamic head, or 



= k/ H = gh/u^ ( 120 ) 

in which 

h = actual dynamic head, ft. of 
fluid, 

g = acceleration of gravity = 32.2, 
u = tip speed, ft. per sec. 

Volumetric Efficiency. — This is 
_ jally not an efficiency and might 
tiQ. 23y. uurve &nowmg rressiire better be called volumetric capacity. 
Drop through Fuel Bed. Underfeed ^ vo\nme of 

^ ■ air passing in a given time divided 

by the impeller displacement for the same period, or 


£^voi. = ^Q/tD^NB 


( 121 ) 
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in which 

Q = volume discharge, cu. ft. per min., 

D = diameter of the impeller, ft., 

B = width of the impeller, ft., 

N = r.p.m. 

Mechanical efficiency (Standard Code of Fan Testing, A.S.H.V. and 
N.A.F.M.) is the ratio of the total work done by the fan in moving the air 
to the hp. input of the fan, oi' 

Fmec. = Qh - Hi X 33,000 (122) 

in which 

Q = weight discharged, lb. per min., 
h — dynamic head, ft. of air, 

Hi = hp. input. 

Two efficiencies arc sometimes given, (1) that based on the dynamic 
head as in e([uation (122) and (2) that based on th(i static head. The 
former is more generally used. According to th(‘ Standard Code of Fan 
Testing as recomin(nd(‘d by the joint eominitt(H' of the Am('rican Society 
of Heating and Ventilating Engiiuiers and tlui National Association of 
Fan Manufacturers, the friction head of ducts shall be determined from the 
following rules: 

For round ducts, / = 0. 02^)7 Lhf D (123) 

For square or rectangular ducts,/ = 0.01285M (a + h) ah (124) 

in which 

/ = pressure drop due to friction, in. of water, 

L = distance from fan outlet to point in duct where measurements are 
made, ft., 

D = diameter of the duct, ft., 
a = long side of the duct, ft., 
h = short side of the duct, ft., 
h = velocity pr(\ssurc, in. of water. 

The factor for elbows is difficult to determine with any degree of accuracy, 
but for rough approximations the pressure drop for one right-angle bend 
may be taken as that due to a duct 10 diameters in length. 

Standard Code for the Testing of Centrifugal and Disc Fans: Jour. Am. Soc. H. & V. 
Engrs., May, 1923, p. 371. 

Fan Blower Design: Jour. Am. Soc. H. & V. Engrs., July 22, 1922, p. 491. 
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Pitat Tube for Gas Measuronant: W. C). Rovvse, Trans. A SM.IO., Vol. 35, 1913, p. 633. 
The I in pad Tube: »S. A. Moss. Trans. A.S.M.E., Vol. 39, ]91(), p. 761. 

Sonic Dcvdnpimnt in Ceninf u(jal Fan Design: National J-^n^i’-j Jixn., 1922, p. 6. 

158. Performance of Fans, — Th(M'(^ ai*e so inauy dif’l’cnail types of fans 
on th(^ iijark(‘t, and tli(‘ vaiialjk* factors iiivolvc^d in their op(‘ration arc so 
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Fa;. 210. J Vi toniiainv of tStokcr Fan. (( onstant Siicrcl.) 


numerous, tlint. att(‘in|)(s to an;dy/(' jxM’forinanee matln'inatically are 
without p\irp()S('. For (his i(‘a.son, fan nuunifacdain'is furnish capacity 
tables and characteristic curves, based on actual tests, which give the 



1000 Cubic Ft. per Min. 

Pig. 241. rerformance of Coppus Type Vano Blower. 

(Constant Speed ) 

performance of their jiroduct over a wide I’ange of operation. With the 
aid of these tables arnl curves, the proper size and type of fan for a given 
set of operating conditions may be selected with intelligence. 
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Two sets of capacity tables aie to ])e had from manufacturers, viz., 
rated capacity, Table 53, and variable capacity, Tal)l(‘ 51. The formej- 
gives the capacity, speed, and lip. of the difftacait fans foj- various static 
and total pressures when operating at what is approximately the highest 



Fk;. 242. Pcrfonminci' of Stoker Fan. ((.'Oiistant Staiie rrcssLire.) 


efficiency. The variable (aijiacity tabkvs giv(‘ the pc'rformance of each 
size of fan on either side of th(* condition foi* maximum (dhciency. 

(Characteristic curves are graphical chaits visualizing the rc'lationship 
between capacity, spe(‘d, i)r(‘ssures, ]ioisepow('i“, and (dficiency. They 
are plotted in a variety of forms, a few of which will be bn(*fly discussed. 



Figures 240-242 giv(? the actual t(\st rcisults f)f a spe'cific; type and size of 
fan under variable conditions of speed, static pressure, and capacity. 
These curves are readily interpreted b(;caus(' the various Cfuantities may 
be read directly from the chart. Thi'y ar(^ limited, however, to the per- 
formance of the particular size of fan tested. The characiteristics for all 
sizes of any given design of fan are practically the same; then^fore, if the 
coordinates are expressed in terms of “ percentages ” of the performance 
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at rateil (!ai)a<;ity, oik' set ol cm vc's will suffice for all sizes. This nu'thod 
of representing tin; ciirves is |•e(;<)llllllelu^ed by the Joint Conuiiittee of the 
American SocicUy of Ilc-aling anil V'l'iitilating Engineers and the National 
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Association of Fan Makers. Figures 243 and 244 are illustrative of this 
class. Referring to Fig. 243, if the fan is opei*at('d at, say, 70 per cent of 
rated capacity, the horsepower, dynamic pressure', static pressure, and 
efficiency will be 60, 103, 107, and 98 per cent, respect ivc'ly, of that at rated 
capacity. 

In calculating the perforinan(‘e of fans of the same design and similar 
proportions, but of other sizes and at other spec'ds, the following law 
applies: Up to and within 1 1/2 lb. per sq. in. pr(‘ssur(‘ difference, and at 
the same penpheral speed and discharge conditions, the delivery varies 
as the scpiare of the diameter of th(‘ wheel, or, for different speeds, the 
delivery varies as the cube of the diameter times th(‘ number of r.p.m. 

In corrc'cting the rc'adings of a givc'ii fan for constant discharge' condi- 
tions, the following law applies: Cajmeity varie's dirc'ctly as the sy)e(*d; 
pressures as the square of the speed; and horsepower as th(j speed cubed. 
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159. Selection of Type and Size of Fan. — The influencing factors in 
the choice (jf a fan foi* nu^chanical-draft purposes are primarily the volume 
of air or gas to l)(^ handled, static pressun'. necessary to overcome the 
frictional resist a.nc(‘ of tli(' systcan, juid the horsepower to drive the fan. 
Other factois wtiicli may Ik' of (apial or even gniater importance arc 
n‘lial)ility, siic(‘(\ssful parallc^l ojM‘ration, liigh static efficiency, and a re- 
serve of pr(*ssiir(‘ for variation in load. Air and draft j^ressure require- 
ments at varicnis loads may 1)(‘ approximated, as outlined in jn’cvious 
chapters. Tli(‘ n(‘xt st(‘p is to s('lect from fan-caj)acity tables, the different 
sizes and typ(\s of fans which will dediver the desired maximum volume of 
air at 1/he recpiirc'd inaxiimim stat.i(‘ pressiir('. C'ar(' must be taken to 
includes in tlu‘ st atic pr('ssnr(“ tlu^ various drops due to the resistances of the 
air ducts. It will 1 k' noted that sev(a*a.l t^pes and sizes of fans will give 
tli(^ recpiired voIuiik's and pressur(‘s. The list may Ix' greatly reduced by 
(diminating tin' siz(\s whi(di range l)ey()nd the desired s])eed and for which 
the povv(‘r F(‘(|uii('meiits arc' ('xcesshady high. Thus, for low rotative 
st)eeds, the sl(‘(‘l-i)lat(‘ fan vill probably be the best investment, and for 
high s})(‘('ds som(‘ tyfx‘ of imil(i-va,n(‘ blower is to be preferred. Since the 
horsepower for a givc'n cajiacily a, ml statics head runs up rapidly with the* 
speed, th(‘ size consuming th(' least j)ow('r for the av(‘rage ])oiler load is to 
be given pn'ieix’iux' to iUv others, though first cost must also be considered. 

The next stej) is to obtain from thi' manufactuix'r characteristic curves 
or variable capaxdty ta-l)l('s foi- the i)articular type's selected, and compare 
the static j)ressures at/ various ca,])a(dt.i(‘s of tlu' fan with the calculated 
pressures aud volume ixxpiiix'iuents, l'\)r a constant sr)e('d drive, the curves 
will be of the form shown in Pig. 2U), and for variable speed on the order 
of those shown in Tig. 212. ( 'oiiside'iing the ditferent/ characteristics in 

ord(*T of th(' curvature of tlu' ]>hule tip, viz., full-forward, radial, partial- 
backward, and full-backward, we have: 

Full-foriranJ Tip. — This is virtually a velocity fan, since the rotational 
component of tlu' aii* V('lo(*it y h'aving the wheel is actually higher than the 
rotational sp('(al of ih(' whc'cl its(df. This feature is of advantage where 
very high outk't velocity is napiired and nois('. is not objectionable. It 
has the slowest ti]:> spc'f'd, for a given pressure, of any type. The rising 
pressure ('urvc' (n) of Pig. 214 fn)m full maxiiiAiin to the load correspond** 
ing to maximum ('Hici('ncy is d('sirabl(' in that th(i pressure builds up with- 
out chaiigi' in spc'C'il should tht* volume of air dc'crease, as when the resistance 
through the fuel bed is iuert'ased by clinkc'r formation. The flat or droop- 
ing pressure curve, b('tw('('n the point of maximum efficiency and practi- 
cally zero capacity, is mak'sirabli' for parallel oi^a-ation, since there is no 
assuranci' that oiu' of tin' fans will not lie down ” if the flow of air to the 
inlet of the two fans is not eipially unobstructed. Furthermore, any 
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change in relative spec'd will inciease the nnbalaneiiig c'lTed. The upAvard 
hp. curve with increase in capacity represents a constant danger of over- 
load on the driving motor, iK^cessitating an oversiz(Hl drive to take care of 
the maximum requirements. B(‘cause of the undesirable characteristics, 
the full-forward tip fan is littk^ used for forced-di alt sca vice. Where both 
forced- and induced-djaft fans ai(' used, tlu‘ ]('sistanc(\s for tlu' induced- 
draft fan are practically const anl; tlu^ exact form of th(‘ ])ressure charac- 
teristic for tlu^ latt(M’ 

^ ^ ^ ^ 

is thentoni. unimpo] - I i 
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waidly Ulclined type. pj,. Fan Chanictcristics at C\)nstant Speeds. 

Radial Tip. — Th(i 

pressure char aettn-is ties of this type, Fig. 241 ( 6 ), show that th(' tendency 
is toward maintaining con? 5 tant pressure over a wide range in capacity. 
The flat portion of the curv(' mak(\s th(' fan very sensitive i-o r(‘sistance 
variation, and, if us(h 1 at a (^ai)acity corresponding to this ])oi-tioii of the 
curve, may cause th(‘ fan to run under or over the estimat(‘d capacity. 
This rising hp. cmv(^ is also uiul(\sii‘abl(\ 

Full-backward Tip. — In this d(\sign, Fig. 244 (c), th(‘ pressui*e curve 
rises with decrease in capacity from the maximum capacity obtainable to 
zero, which enables the fan without change of speed to overcome any 




Forwiird ('urve 
(«) 




Rudiiil Tip Hliido Partial Backward 
W (c) 


Steel rialc 
. (rf) I 


Full Backward Blade 

L_I: 

80 iK) 100 no lldO 
I'cr Cent of Rated Volume 


II.F, j.awrence 


Fk; 2U, Fan Characteristics at C\)nstant Speeds. 
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variation in rosistanc^o of the fu(il 1ied. This risiiifi; characteristic also 
permits of i)(‘rf(‘ct parallel op(‘ration. Jt will be noted that the hp. curve 
rises slowly to a certain capacity and then drops off. This self-limitation 
in power reeiuirements is idc'al for motor driv(‘, sinct‘ there is no danger 
from ovc'rloadiiig. 'riit' eih(‘i(‘ncy is high and the' fan has the highest tip 
speed, for a giv(‘n pre'ssure, of any ty])(\ Th('S(‘ characteristics are all 

favoral)l(^ for liigh-s]K'e(I forced-draft service and the majority of the 
modern installations are* (‘(juip])ed with fans of this type. 

Parlml-ixuL'wnvd Tip. — This is an int(‘rm(*(Uate design jK^tween the 
full-forward and fiill-bac'kward tyix*. The* blaeles are curved forward at 
the heel to nuM‘t t.lu* in(‘omijig air and ))a(*kward at the tip to dis(‘harge 
it, Fig. 2-11 (c). Hy changing the inclination and curvature of the blades, 
practi(!ally any c}iaract(‘ristic frojii that, nf the* full-forward to that of the 
full-backwaid d(‘sign is obt ainable'. The* *j)r(‘ssure (*liarac,t('ristic for the 
partieailar de‘sign she)wn in Fig. 2\\ (c) is fave)ial)le for forc(‘d-draft service*, 
but th(^ hp. c,ha,rac((‘rist ie* is ne)t s(‘lf-limit.ing. The self-lijiiitbig hi), feature, 
how('V('r, may be* deve‘le)p(‘el by ])rope*rly pre)portioning the vanes. With 
variabl(*-spe*e‘d elrive* aiiel automatic control, the self-limiting power curve 
is of seconehuy imi)ortane‘e. 

^kel-pUiie Fdiis. — The* pi-(*ssur(* and power characte'ristics of the steel- 
plate or f(‘w-blad(‘el padelle-wlu‘e‘l fans. Fig. 241 (r/), a, re i)racti(;ally identical 
with those* of the d()uble*-e*ui‘ve*el l)lad(*s illustrat(‘el in Fig. 244 (c). The 
l)ressure curves are* suitable* fe)r fe)rce*el- or indueu'd-elraft, but the hp. curve 
is not self-limiting. Stee'I-plate* fans are inheiently slow-speed devices 
anel are usually installe*el Avhe*re* the driving units are steam engines. The 
slow-spe*eel fe‘ature is desiral)le in induced-elraft installations where cinders 
must be haneUe*el. 

Wlu*re* the* e*harae*tej' e)f the stat ion load curve is known oi* where it can 
be api)roximat,e*d with a fair ele‘gr*ee* of accuracy, it is not a difficult matter 
to se*lee;t a size* anel type* e)f fan whiedi conforms with the station require- 
me*nts; but, suedi kne)Avle*dge* is ordinarily the exception and the choice is 
depende'iit lai ge'ly U])on cxpe*riencc. 

PlotHtuj Blower Test Curran- A. H. Anderson, Trans. A.S.M.E., Vol. 39, 1917, p. 793. 

1(50. Mecliaiilcal-draft Fan Drives. — While -a large number of forccd- 
and indue*e'el-draft fans m the oldei* plants are of the* slow-speed paddle- 
w^hecl type*s, elrive'ii by small vertie'al engines, anel many of the modern 
plants emple)ying liigh-spe*e'el multi-vane fans are* (Kphpi)ed with direct 
connecteel or geared turbine's, the moele*rn te'ndeney is towarel motor drive. 
Indue*tion mote)rs e)f the* slip-ring type are the more* common in the latest 
designed plants, but seve‘ral plants are* equipi)ed with variable-speed 
direct-current and variable-speed alternating-current motors with brush- 
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shifting mechanisms. Automatic control is commonly used with steam- 
turbine drives and hand control with motors, though automatic-motor 
control is finding favor with niiiny engineers. Alieniaiing-cMirrent motors 
of the inductioTi tyi)e seem to be ])r(H’erred for induced-draft, fans. Vari- 
able-speed dina't-curnmt motors ai‘(‘ also used for indiKan 1-draft service. 
Practice is dividend b('tw('en the us(‘ of individual fans fer laich boiler and 
the common duct with s('veral fans discharging into it. Some idea of 
current practice in the selection of a fan diive may be gained fi’om 
the data in Table of). 


TATU.l'] r,r, 

FAN DRIVES IN IMODKllN ('ENTRVE STATIONS 


Sliilioii 

Forced*! )iaf1 

I iMlijced I 

Cahokia. . . 

2300-volt, a, (■ eonslaid s])eed 

None' 

Calumet . 

410-volt iiiduefioii inolor 

2300-voll squirrel-('age 

Colfax 

(i(‘ared turbine 

Non(‘ 

DciawTire 

I nduct ion motor 

I iid ucl ion mot or 

Tloll Cate 

2200-\’oll, a (‘ brush-shifling motor 

Sana' as forced draft 

Marysville 

V'ariabh' ,s|)e(Ml, 24()-voll d.c. 

Variable sixu'd, 240-volt d.e. 

Seward 

C(‘ared turoine 

None 

South Meadow. 

(1 eared t urbine 

None 

Sf)ringdale 

2300-volt, a.e. brush-.shilting motor 

Same as forc(‘d draft 

Wc^ymouth 

2300-volt, a c , brush-shifting motor 

Same as forced draft 

Windsor . 

oOO-volt induct ii)ii motor 

Same as forced draft 


Control for Powci Sfation Aiu'diary Motors- Power Pliint I^Aipr^ , .Iiiiio 1, 1023, p. 5S1. 
Drivifig Couwr- House A in'diarics: Power, Jan 31, 1022,]). 1()(); May 20, 1024, p S17. 


161 . Fan-draft Control. — The volume of air for ctaiilnistion may be 
varied to meet th(‘ st('a,m demand iiy throttling where the fans operate at 
constant spei'd, and by changing the speed of rotation wlien* variable- 
speed drives ari‘ employed. Th(' air gates or damp(‘i-s and the speed of 
the fans may b(' manually or automatically ('ontrolled. Manual c.ontrol 
may be effect(‘d at the point wIkmo th(‘ air gate's, dainpi'rs, or auxiliary 
drives are located or, from distant points, (le'inote control) through the 
agency of suitable' relay apparatus. With automatic control it is cus- 
tomary to coordinate the^ manii)ulation of the' air-supply apparatus with 
that of the stae^k damjier in case' of hand firing, anel with that of the stoker 
drive in case of stoker firing. The primary controlling forces are variation 
in (1) steam pre'ssure, (2) furnace suction and (3) air-duct pressure, sepa- 
rately or in combination with each othe'r. These' fore'X's actuate suitable 
relay mechanisms which in turn vary the' positions of the air gates or 
dampers, and the speeds of the stoker and fan elrive's. Ameing the popular 
makes of combustion-control systems may be mentioned the Balanced 
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Draft, Hagan, Merritt, Hess-Benjamin, Ruggles-Klingemann, and 
Smoot. 

In Gk' Balanced Draft systcMn of the EiigiruH'r Company, each boiler 
unit is individually coiirrolk'd. Tlu^ sjkhmI of th(^ fan is controlled by a 
diai)hragin regulalor actuat(‘d by variations in plant liead(T pressure. 
Mov(‘in(‘nt of llie diaphragm is I ransiniKed to a pilot valve, which in 
turn admits wa((T iindc'r pn'ssuri* or ccjinpresscal air to a piston. The 
piston movianent changes th(‘ i)Osition of the controlling mechanism on 
the fan driv(‘ and in t his mamua’ varies th(‘ sp(‘ed. The stack damper is 
open or (doscal by a “ fiij-nac.(‘-j)r<‘ssur(‘ regulator ’’ which consists essentially ' 



Fin. “JIT). “Bahinct'd Dnifi” Combustion Control. 


of a swinging blade diaphragm actuatcal by draft-pressure variation in the 
furnace. Movenumts of the diaphragm opiaate a piston through the 
agency of a pilot valve, in much tlu' same ftianmu’ as the fan control. 
This piston op('rat(\s th(' damper. The* speed of th(' stoker drive is varied 
by the same' piston Avhich operates the Hue damper. The movement of 
the piston, howev(M-, is not transmitted directly to the stoker speed control 
but indirectly tlnoiigh an adjustabk* t^aiii. Tliis system is first adjusted 
manually to the s])(‘eific napiii-ements of the pailicular plant to 

which it is applied, and the various adjustments are synchronized to give 
the best results. After this adjustment, further control is automatic. 
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The operation is as follows: If there is an increase in load on the plant, 
there will be a pressure drop in st(\‘ini lieadei-. TIk' steam ic^j^ulator 
will then gradually speed up the fan, fovec' mori' air through th(‘ fuel bed, 
and increase the rate* of eojnbustion. This will })r()du(*(‘ more' gas and tend 
to decrease the draft in the furnace chamber. Tlu' fn rnac(‘-pressure 
regulator will immediately increase th(‘ damp('r opruiing just, enough to 
remove the gas at the ik'w rate and maintain tlu' mined furnace 

draft. At the same tiuK', the stoker-control cam will b(' tunuai to a new 
position and the ciorrect amount of find to su[)[)ort tlu^ increased rate of 



combustion will be fed. In case thc^ forced-draft fan is driven by a con- 
stant-speed motor or turbine', the cam iiK^chanism varic's the' t)osition of 
the blast gate. 

In the Hagan Combustion Control system, the primary controlling force 
is the difference in pressure across an orifice i)la!(i insert'd bc'twecm the 
flanges in the main steam header. The pressure' difference at the orifice 
is carried to a balaiic.ed piSton (master regulator) the movement of which 
is transmitted through chains and pulk'vs to th(' damper, the stoker 
and fan drive. The adjustments are such that mov(‘ments of the boiler 
damper and speed of fan and stoker drives aj’(' synchronized to maintain 
the predetermined relation between fuel and air supply and to vary the 
rate of fuel and air supply in accordance with steam demand. 

The Hess-Benjamin system regulates direct,-cHiiTent motor-driven stoker 
and fan speeds by a master regulator consisting essentially of a properly 
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dosignod exciter for the shunt fields of all motors. The exciter current is 
varied by of a balancf'd j)iston, the movement of which is actuated 

by a pn\ssur(‘ droj) in tln^ main sltvini h(‘ader from ])oints oi\ the saturated 
steam nozzle' of IIk' boih'r to tiu' points just ah(‘ad of the })rime movers. 

ComhuMtfni (\>nlr()l fa} Slc'im BofUrti- Power, Mar. 0, 1023, j). 3.54; May 13, 1024, 
p. 7(il; I'll) 21. 1025, j). 31 1; Mim Ii . Viuv, I!r25, p. 103. 

Centralized Comhiedwri Control for Bailers' Power, May 16, 1022, p 771 

Fuel Sdf'ing FJferted tnf Cintthn.stton Contiol Power Plant En^rg., May 1, 1023, p. 473. 

Automatic Combustion Control' ]\)wer Plant. Eiigrg., July 1, 1020, p. 040; July 1, 
1024, p. (‘>04. 

Electrical Sijstcm of (\)mbustion (\)ntrol for Boiler Plants' Power, Jan. 8, 1924, ]). 40. 


PROBLEMS 

• 

1 . The over-tire air supply of a 100-hp. horizontal return-tubular boiler when 
operating at rating is furnislied by two .3/l()-in. diameter steam jets, steam pressure at 
nozzle 0.5 lb piu' stj m gage W hat percentage of the weight of steam generated by 
the. boiler is required to opiTate the jets? 

2 . Dry air is flowing through a conduit, the velocity head (as indicated in Eig 236) 
being 1 in. water. If 1 eu. ft. air weighs 0.071 lb , required the velocity in ft., per sec. 

3 . Let. the cross-sectional area of the eomluil. in Problem 1 bo 2 sij ft and the static 
pressure 0 .5 in water. Requirc'd t he out]nit horsepower of the fau. 

4 . It IS required to sufiply 20,000 eu. ft. air per min. to a furnace under a .static 
jircssiire of 1 in ^^ate^. The eondnit. is 10 ft. square and 100 ft. long. Static pressure 
drop due to right-angle bends 0.1 in. The ini'ehanieal eflieienev of the fan is 60 per 
cent. One eu. ft. of air weighs 0.071 lb. Oaleulate t.be horseixiwer required to drive 
the fan. 

6. Required the horsc'power neecssary to operate th(‘ fan in Prolilem 3 if the static 
pressure is inen'asoil to 2 in., other eonditions remaining the same. 

6. If the rated speed of fan in Probhan 3 is 2000 r.p.rn., r(*(|nir('d the horsepower if 
the speed is increased to 1000 r.p in. 

7 . The demands on a fan running 2000 r.p.rn have increased, and it is estimated 
the fan will deliver the required volume of air if jspeed is increased t.o 4000 r.p.rn Show 
why it will lie imieh more (M'ononiieal to replace blower wath one designed to deliver the 
required volume under the original ])ressure requirements. 

8 . Retiinred the eapaeily of an indueed fan suitable for the conditions stated in 
Problem 3, Cluqitcr VIII, 

9 . Required the ])nwcr neeessarv to operate tlie fan in Problem 7, if its mechanical 
efGcienuy is 60 per cent under the specified operating conditions. 
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RECIPROCATING STEAM ENGINES 

163. Introductory. — Tho tyiM' oi [)riin(' mover b('st suited for a given 
installation is the one that delivi'rs the ixuiuii-ed [)ower at tin? lowest cost, 
taking into (lonsideration all charges, fixed and operating. These include 
not only the cost of fiu'l, laljor, supplic's, and rej)airs, but all overhead 
charges such as interest on the invevstinent, depreciation, maintenaiKiC, 
and taxes. Steam conditions as ic'gards ])ressur(i and temi)eratiue, size 
of units, kind of service, nature of the station load curve, and disposition 
of the exhaust ar(' important factors which must also b(' considered. 
Space reciuirements and continuity of operation are often of vital impor- 
tance, and may greatly inf]uenc(' the seh'ction of tyjx' of jjriirKf mover 
and auxiliary apparatus. Tn some situations, tlu' gas engine and producer 
arc productive of the highest eomiiK'reial ecionomy; in others, the choice 
lies between the reciprocating st(‘am engim; and the turbine; fre(iuently 
the hydro-electric, plant offm-s the bi'st rc'turns; but each proposed in- 
stallation is a problem in itsc'lf, and general riihis arc' Avithout j)urpose. 

The reciprocating steam engine, is th(! mo.st widely distiibutcxl prime 
mover in tlu; ijower world, and although its field of usc'fuliK'ss has been 
greatly encroached upon in rc'cent years by the steam turbine and in- 
ternal combustion (uigiiK', it is still an important heat (uigine and will 
probably continue to be a factor for years to come. In a general sense, 
the piston engine is superior to the turbine; for variable speed, slow rota- 
tive speeds, and heavy starting torque, while the turbine has superseded 
the engine for large (;entral station units and for auxiliaries reejuiring high 
rotative speed. The high-speed turbine' in e;onnection with efficient re- 
duction gearing has some; advantages ove'r the* jnston engine for low- 
speed drives and is to a e;ertain (;xtent re'pl.acing the latter in this connec- 
tion. From a purely thermal standpoint, t he, Diesel type; of internal com- 
bustion engine is superior to the steam e'ligine and the turbine is more 
economical in space re'quirements, but taking into consiekration all of 
the items affecting the production of power, the reciprocating engine may 
still prove to be the better investment in many situations. 

ImproYement in the heat efficiency of the piston engine within the 
past few years has been remarkable, and single-cylinder units of the 
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uniflow or unaflow ty])(‘ iu'(‘ Ikmoji; ojieratod with steam consumptions 
lower than that- ol)t;iine(i from the oldcu* eounterflovv types of com})Ound 
units. A loO-lip. Scfimidt tii^h-j)n‘ssure engine with interstage super- 
heating, reccmtly t(‘st(Ml in (If'iinany, gave an overall thermal effieiency of 
31 per cent (indicated h()rs('])o\v(T basis). (S(‘(' Table (>1 , ])aragraph 187.) 
A few y('ars ago tli(‘ ])is1oi) (aigine ap])ear(‘d to 1)0 doomed to the 
scrap h('ai), but IIk' unusual (‘conomies ('fleeted in th(' later (h'signs have 
made' it once jiiorc' a formirl.ibh' c.omp('ti1oi‘ of th(' st(‘am turlaiK', at h'.ast 
for rnod('F-a,t(' [)ow(*r i(‘((uir(*jn('nt.s and non-cond('nsing s(;'rvice. The 
recent installation of a 2o, ()()() hj). count ('rflow jjiston engine in an English ' 
rolling mill is (‘vid('nc(' that this tyj)e of j)rime mov(‘r is not necessarily 
limited to small sizc'sd 

13ecaus(^ of th(' liinitc'd spa(‘(' available, and considering the fact that 
this ])has(' of tfi(' subj(‘(‘t has Ix'en thoioughly cover('d in text books, no 
attempt will Ix' ma.d(‘ to d(‘S(‘rib(* the various types of counterflow piston 
engine's or to analyze tlu' constru(*tiv(^ dc'tails. The discussion has been 
limited to th(' ])()ssit)iliti(\s of th(^ jK'rfc'ct engine and the various factors 
which affect tlu' j)(‘rf()rman(‘e of the a(d-ual mechanism, with a view of 
selecting th(' chara,ct(‘ristics bc'st suited for a giv(‘n kind of service. 

163. Tlio Ideal or Perfect Engine. — In ('very lu'at ('iigine the work- 
ing fluid go(\s through a cinuiit, or cycle, of ()p('ration. Beginning at a 
particular condition, i(. i)ass('s through a seric's of succ('ssive state of pres- 
sure, volume, and banperaturc' and n'turns to the initial condition. An 
ideally pc'rfl'ct. ('iigiiK', which effects the highc'st possible conversion of 
heat into m(‘chani(\‘il woik for a giv('n cy(*l(‘, is taken as a standard of 
comparison for tlu' pc'rformaiux' of th(' a(‘tual engiiu'. There arc sevc'ral 
cycles which api)roach mor(' or U^ss the action of st(\am in the actual 
engine, but the Hankine cycl(' im'c'ts the conditions of most piston engines 
and for that n'ason has bec'n ado])t('d as a standard. The various cycles 
arc treab'd at k'ligth in ('hai)ter XXIII and need not be considered here. 

In order to realize th(' icU'al Rankine cyck', the walls of the cylinder and 
the piston must b(' non-conducting, expansion after ciit-ofl must be adia- 
batic and carried down to the ('xisting back prx'ssure, the action of the 
valves must be instantaiK'ous, and sb'ain passages must be sufficiently 
large to prevent wire* drawing. Practically m)ne of these conditions is 
fulfilled by the actual ('ngine. TIk'. various losses which prt'vent the 
actual engine from obtaining the (^ffici('ncy of the ideal arc outlined in 
paragraphs 171 to bSl. 

The heat suppli(‘d, lu'al consumption, effici(mcy, and water rate of a 
perfect erngine ojx'iating in th(' Ranlviiu' cyck' are treated at length in 
Chapter XXI II and juay be summed up as follows: 

^ For a (let^cription of this engine see Power, Sept. 20, 1922, p. 491. 
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Heat supplied = //,• — (125) 

Heat converted into work = H, — TI^ (126) 

P]fficiency, dE - -(//,- qj (127) 

Water rate, \\\ = 2547 (//, — JI„) (128) 


in which 

Ef = efficiency on the llankine cych' with coinideie ex])ansion, 

Wr = water rate on this cycle', lb. ])er h])-hr., 

lit = initial heat content of the st(‘am, H.t.u. ix'r 11)., 

Hn = final heat content after adiabatic (‘xpansion from initial condition 
to final condition //, Jbt.u. per lb., 

qn = heat of tJie licpiid corresponding to (whaiist tem])eratur(', B.t.u. 
per lb. 

The average engine seldom expands to the existing back ])ressure, in 
which case the work done' ])(‘r 11). of sfe‘am suj)j)li(‘d is Unss than if the ex- 
pansion won^ complete. The various Iheond.ical (pian1iti(‘s for this con- 
dition of incomplete (expansion (sec* pa-ragrai)h 397) may be calculated as 
follows : 

Heat supplied = 77, — c/„, B.t.u. jx'r lb. (129) 

It will be noted that this is the* same as for cornplcd-c' C‘xi)ansion. 

Heat absorbed = //, — He + I'c {Ec — /^)/778 (130) 

Hfficiemey, E\ = I - He + c, (1^ - /'‘>)/77SJ -f- (7/, - q^) (131) 

Water rate, W'r = 2547 - | 77, - II ^ + r, (7\ - 7^)/778] (132) 

in which 

E'r = efficiency of the* Raidviiie cycle* with inc.omplete ex])ansion. 

He = heat content at rc'lc'asc* j)ressure 1^ after adiabatic expansion, 
B.t.u. pc*r 11)., 

Pc = rc'lease i)ressuie, lb. [)er sep ft., 
p 2 = l)ack pressure, lb. per sq. ft., 

Vc = specific volume of the fluid undcT release (‘onditions, cu. ft. per 
lb. (Other iu)talions as for com])l(‘te expansion.) 

W'r = water rate* of t-lu!^ cycle, lb. i)er hj)-hr. 

Direct-acting steam pum])s and (‘iiginc's taking steam full stroke have 
the following theoretical possibilities (sex* [)aragraph 399): 


Heat supplied = Hi — qn, (133) 

Heat absorbed = V\ (7b — 7b)/7S8 B.t.u. (134) 

Efficiencjy, Er" = ih (7b — I\) ^ 778 (77, — qn) (135) 

Water rate, W/' = 2547 X 778 -r^ (7b - Pa) (136) 
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m which 

V\ — spcicific v()luiii(‘ of th(^ sLwn at pressure Pij cu. ft. per lb. 

Pi = initial j)ressiii(‘, lb. per scj. ft., 
p 2 = l)a(;k prcissure, lb. p(‘r s(j. ft. 

P/' ~ (‘fli(',i(Micv of 1h(‘ iio]i-(‘xpansioTi basis, 

Wr' = wat(‘i‘ rat-(‘ of this cycle, lb. p(*j- lip-lir. 

(()th('r notations as lor coniph'tc^ (‘xpansion.) 

CijliiLflcr PJJfincncy of ait Ktiginv /it rniln Artndahlc Losses: Power, May 1, 1^)23, p. 678. 


I’AHLE 56 

TUEOKK'ri(’\L KKriCIENCnOS \NI) WATEIt KATES OF I'KKFF.CT FNCiINFS Ol’EIlATlNTJ 
IN IT IE OAK NOT AND KANW.NE CYCIiES 

iSal.iiralod S(ram) 



eoiuliMisMin, fi.u k iTi'^sure, 1 In. Ilii 

\(in-coiuliMi,sin>i, Miick Prewuic, 14 7 14) Aba. 

Iiuli.il 

I’.lliruuH'v 

VV.’itor Ibuo 

I^lIlCl('lU‘^ 

\V;il(^i lb) to 

rrOHHUK' 

Lb Ahs. 

I’lT ( \'n( 

1 b IKM 1 

f Hp-hr 

l\‘r ('(Mil 

1.1) IKM 

l.IIp-hr. 


<’ 

H 


R 

(’ 

It 

(■ 

H 

50 

27. IS 

24 OS 

10 13 

S OS 

0.32 

S OS 

29 r)G 

2S 51 

100 

31 51 

2S 47 

0 10 

7 S5 

14 70 

13 S.S 

10 48 

IS 22 

150 

31 10 

:!0 ('.() 

S 65 

7 2(> 

17 00 

16 65 

16 46 

15 OS 

200 

35 01 

31 .SS 

S 41 

(•> !>-l 

20 10 

IS 60 

14 04 

13 44 

250 

37 34 

32 03 

S 25 

6 70 

21 07 

20 05 

14 02 

12 42 

300 

3S.51 

33 76 

S 11 

6 52 

23 42 

21 22 

13 .30 

11.71 

400 

10 37 

35 10 

,S 04 

6 25 

25 74 

23 07 

12 ,53 

10 73 

500 

41 70 

36 06 

S 07 

6 07 

27 54 

24 16 

12 22 

10.10 

600 

13 00 

36 .S4 

S 10 

5 01 

20 02 

25 57 

1 1 OS 

0 66 

m) 

1 1 .SO 1 

3S (K) 

S 21 

5 70 

31 20 

27 20 

11 SI 

0 12 

KKM) 

46 :u) 

3S.00 

S 10 

5 ()7 

33 10 

2S .50 

11 SO 

S.71 

1200 

47 60 

40 00 

S ()S 

5 53 

31.50 

20 70 

11 02 

S 40 


164. Efficiency Standards. — In order to place the performance of 
reciprocal in engines on a comparable basis and to avoid confusion in 
the meaninfj; of tlu' terms used in expnvssinp; such performance, all tests 
should be conducted in accordance with Te?fl, Code on Reciprocating 
Engines, as recoiriinended by Power Test Committee of the American 
Society of Mi'chanical Engineers. Directions n'garding the application, 
use, and calibration of the various instruments and apparatus used for 
conducting engine t(\sts, statements as to their accuracy, methods of 
conducting tests, and definitions of the different terms used in expressing 
the performance are d(‘t ailed in the code. The performance of recipro- 
cating engines is stated as follow's: 
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1. Wilier rate, lb. of steam })er unit outi)ut per hr. 

2. Heat supplied, B.t.u. jier unit output pc'r lir. 

3. Th(M'mal (‘fficienev, })er cent. 

4. Mechanical efliciency, per cent. 

5. IlankiiK' cycle (efficiency, per (*ent. 

The indicator offers Hk' sim])l(^st ini'ans of nK'asurin^ the output, of a 
piston (‘n^'in(‘, and for this naison the p(‘r[‘()nnane(‘ is iisiiiilly stated in 
terms of indiiaited horsei)o\ver. The indicated hors(e])ow('r is always 
f!;reat.(er than tin' n(‘t, iivjiilabUe pow(er by an amount (Mpiivahait to the 
friction of the ni(*chanisin. Tlu* 1 ) 0 \v(t aetinvlly developed, or brake 
horsepower, is not i-('a,dily obtiuiu'd (ex(‘e]ff for small size's, iind it is cus- 
tomary to a])i)ro\imate this viiliu' by deducting- the indicale'd hors(‘])Ower 
when runninp; idle from lh(‘ indic;i,t(‘d horsc'poiver wIk'ti running under 
the given load. This do('s not give* the tine ('ffectivc' ])Ower, but is suffi- 
ci(mtly acc.uiate for most comnK'rcial purpose's. (See ]:)aragrat)h 178.) 
The output of steam turbine's anel piston engine's elriving electrical ma- 
chinery is e'-emve'Jiiemtly stated in effect rica.l he)rse‘])e)\v(‘r e)r kilowatts, since 
the electrical measiire'itu'nts are' re'adily maeli'. The', effe'ctrical output as 
measure'd at the' gene'rator t.e'rminal gives the net eff’fee'tive work, and 
automatically de'elucts tlie^ machine' losse's. 

165. Water Rate. — The' most ge'iierally use'el me'asure of the per- 
formance of a steam e'ligine is the' water rate, or lb. of ste'am supplied at 
actual condition per unit e)f outjnit, no corre'ctieni being maele for ejuality 
or supe'rhe'at. This inc'luele'S ce)nele'Jisatie.)n from jacke'ts, I'ee'effvers, and 
rc'heater coils, if the e'ligine' is e)f the' jae'kete'd or compe)und type. Since 
the indicator offers the' simi)l(‘s1 me'ans e)f me'asuring tlie e)utput, the per- 
formance' is usually stated in le'rms of inelicateel he)ise'pe)wer. Exce'pt 
with small ('iigines where the' developeel power e-an be de'termined by a 
brake test., the water rate ])e'r br.hp-hr. is ordinarily approximated by 
multiplying the' indicate'd water rate by an assume'd mechanical efficiency. 
The water rate pei- electrical hi)-hr. or \}vr kw-hr. for ge'iie'rator driving 
sets is reaelily calculateel freuu the e'lee*trical output. By plotting the 
total 'Weight e)f steam passing thre)ugh the e?]igine', as ordinates, and the 
output, whe'ther i.hp., br.^ip. or kw\, as a})scissas, the resulting curve is a 
straight line, or ne'arly so, anel is kne)wui as the Willans line. If the con- 
trol is by throttling, the curve is a straight line*, and if the engine* is of the 
automatic cut-off type the curve* is convex to the X-axis. If the curve 
is a straight line, thei water rate* at any load may be' calculated b}^ know- 
ing the value of two points on the eairve, oi- of one point and the slope. 
The Willans line, whether straight or bent upward, may be closely ap- 
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proxiiiiatod by the cciiuilion 

W =- A + BP + CP\ 1 (137) 

in which 

W ~ lb. r)f st(‘aiu p(‘r hr., 

P ~ load, i.hj)., br.hp., or kw., 

A - 11). of sic'ain por hr. with idliiii:;, 

Bj r = (‘oust, lints del(’rniin<‘d by (‘\p(‘rini(‘nt , 

(G — 0 for a straifj;ht. liinO 


rorccntano of Load 

in lio •!() 10 r>n (.o to ho on loo no 120 ifin no ir»o 



Fio. 247. Tyi>iciil Wat-or Rates for Various (Masses of Engines. 


For most eiif^iiu'crinfi; purposes, it is sufficiently accurate to assume a 
straight line for all classes of piston etigines. The unit water-rate curve 
formed by plotting water rates as ordinates against unit output is of great 

^ Ifinginceriug Thermodynamics, Lucke, p. 386. 
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importance in visualizing tli(' peiionnance of th(^ engine at various loads. 
The aim of th(^ engine buiUh'r is to have this unit curve as flat as i)ossible, 
so that th(^ efficiency may be the same at all loads within the working 
range. A numbei’ of 1ypi(‘al water-rat(‘ curves will be found in this 
chapter unden* various headings. If the initial iiressun', quality, and back 
pressure wene constant for all conditions of o})eration, l,h(' water rate 
would be a tiu(' measun' of the h(‘at efiiciency, but since this is not the 
case the wnter rate under actual conditions is of little value in comparing 
performances. The water latc' Jiiay b(* used as a UK'ans of comparison, 
provided suitable corrt'ctions are madt^ for ])ressur(‘s and (piality, but 
this proc(‘dure is not- common. Where it is desired to correct to any 
assumed st-andaid conditions, as in (‘ontract guarantcM' or acceptance 
tests, the corrc'ctions ai)pli<'d should Ix' agreed upoTi by the interested 
parties because^ tlier(' ai(‘ no standard correction factors applic-able to all 
makes and sizes of (‘iigines. 

166. Heat Supplied. — H(‘at sui)plied for engines and turbines is 
expressed as tli(‘ total h(‘at conbmt of the st-(iam supplied less the heat 
of the liquid at, exhaust ])r(‘ssure. Th(‘ lu^at, of the licpiid at exhaust is 
sometimes knoAvn as lh(‘ ideal feedwater temperature. The temperature 
of the licpiid for a, non-condensing (nigiiu' (‘xhausting at standard atmos- 
pheric, pressure' is 212 dc'g. fahi-., and that of a condetising engine exhaust- 
ing against an absolute' ba,e*k jDre'ssure e)f 2 lb. is 120 deg. fahr. and so on. 
The heat supplieel, re'fe'ried te) any unit of e)utput, is de'fined as the heat 
input per unit of e)utput, fe)r e'xample: B.t.u. per i.hp-hr. ; H.t.u. per 
kw-hr., etc., ariel is ii true' me'asure e)f the* heat econenriy. The heat of the 
liquid at exhaust i)re'ssure is ele'pe'iident upon pressure only, anel there'fore 
is independe'iit e)f any heat whie*h may be collecte^d in the' (condensation 
from jacke'ts e)r n'heater-re'ce'iver (ce)ils. Utilization of the h(‘at in this 
condensate incre'ase's the' ove'rall station economy but is not considered 
in measuring the* net heat siqiplieel to the engines. 

Example 31. -- (1) A e-ompound conek'iising e'ngine dev(dops a brake 
hp-hr. cm a steam consunqition of 8.0 lb. initial pre'ssure 200 lb. abs., 
superheat 250 de'g. fahr., ('xhaust pressure 0.5 lb. abs., release pressure 
2 lb. abs. (2) The' same* engine when using wet ste'am de'velops a brake 
hp-hr. on a ste'am consumption of 12 lb. per hi., initial pressure 150 lb. 
abs., quality 98 pei’ cent, exhaust pressure 2 lb. abs., release pressure 
4 lb. abs. Compare the performance of the two engines on a " heat sup- 
plied basis. 

Solution. — The he' lit content of the' superheated steam and that of 
the liquid is found from steam table's to be //, = 1332; ejn = 48. 

The heat content of the wet steam may be taken directl 3 A from the 
Mollier diagram or calculated 

//. = 0.98 X 863.2 + 330.2 = 1176.1; = 94. 



380 


STEAM POWER PLANT ENGINEERING 


Heat suppli(‘cl to supfjrheated st(;aiii ongiiKi 

8.5 (1332 - 48) = 10,914 B.t.u. per br.hp-hr. 

Ileal sui)pli(‘(l to saturated st(*aiu en^iii(‘ = 

12 (1170.1 — 91) = 12,985 B.t.u. })er br.hp-hr. 

Economy of supc‘rheat(‘(l- ov(‘r .saturated-st(‘am enfi;iii(‘ 

(1) in wat.(M’ rate': 100 (12 — 8.5) 12 = 29.2 pei- ec^nt. 

(2) in h('at sup[)lied: 100 (12,985 — 10,914)-^ 12,985 = 15.9 ])er cent. 

167. Thermal EtHcieiiey. — Th(^ (.InanKil (‘llieiciKy of a st(;ain enj^iiie 
is th(*, ratio of th(‘ h(‘at (‘(|iiival(Mil of tlu‘ w{;rk doin' lo that su])plied, 
riK^asunMl above* the* heiit of the* liepiid at (‘xhaiist ])r('ssui’(‘. It may bi* 
expn^ssed as indieate'd, biake*, or combine d tht'rma,] (‘llie‘i(‘ncy, depcaidinj^ 
upon whellier the* we)rk elone^ is baseul np*e)n the* inelicated le)ad, brake 
load or combine'el output of eaifijine anel ^;ene‘rat,or, resp(*ctively. Since 
the heat eepiivale'iit of oiie^ h[). is 2547 B.t.u. pe*r hr., the indicated, or 
brake th(*rmal efhcic'ueiy lit may be* (*xpressed: 

Et = 2517 - 11 ( 7 /, - (Jr.) ( 138 ) 


in which 

W = lb. st(*am pen* i.hp-hr. or br.hi)-hr. 

Hi and e/„ as in eeiuation (125) 

Since the* heat ('quivale*nt of enie kw. is 3415 B.t.u. p(*r hr., the combined 
thermal efficiency of eiipine* anel ^en(*rat e)i‘ 7^5 is 

Et = 3^15 - ll^ (77, - e/J (139) 

in which 

Wi = lb. st(*am per kw-hr. 

Other notations as in equation (138) 

Example 32. — Calculate the* the*rmal efficiencies of the two engines 
using the elata in the preceding example. 

Solution. — Superheat (*el steam engine*. • 

Et = 2547 -- 8.5 (1332 - 48) = 0.233 = 23.3 per cent. 

Saturated steam engine*. 

El = 2547 12 (117().l — 94) = 0,190 = 19.0 per cent. 

The thermal effie'lemcy of the actual engine varies from 5 per cent in the 
poorest grades of non-condensing single-cylinder single-valve design oper- 
ating with saturated steam, to 31 per cent in the highest grade multi- 
expansion engine* with high-pressure highlj^-superheated steam, the best 
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recorded perfonnanco to date. As far as thermal officioncy is concerned, 
the non-coiidonsins piston engine still leads the non-crondensing turbine 
for sizes und(T 2000 hp. 

168. Mechanical EtHciency. — The ratio ol tlio brake horsepower 
to the indicated power is the mechanical efficiency of the engine'; the 
ratio of the electrical horse'] )ow('i* te) the> inelie*ate'd ])e)wer is the' jnechanical 
efficiency of the c'ligine' and g('ne'rate)r e'ombine'el; and the' ratio e)f the 
pump horsepe)we;r te) the indicate'el jjower e)f the engine is the' mechanical 
efficieiiey e)f the e'ngine* and ])unip coiiibine'el. Tlie' ])e'ic('ntage' e)f work 
lost in fnctie)n is, there'foie', the' dilTereme^e be'twe'e'ii 100 ])e'i- ce'nt and the 
mechanical efficieiiey in per e'e'iit. (Se'e alse) paragi’a])!! 178.) 

The me>e‘.hanie;al e‘tficiene-y e)f piste)n e'ngiiu's at rate'el leiaei varies from 
85 per ce'nt lor the ch('ai)e‘r grade's e)f e'ngiiU's te) 05 j)e'r cent and eve'ii 08 
per e;ent feir tlie' be'tte'r tv])e‘s. With highly supeMhe'ate'el ste^am, the 
mechanical effieie'ncy is apt. to be* lowe'r than with saiurateMl steam unle^ss 
careful consielenvation has beu'ii paiel to the syste'in of lul)rie;ation. The 
friction heirse'iieiwer ele'ene'ase's seniiewhat with the iiieneasc in size of engine 
and is eionsiele'rably highe'r 
with newly iustalle'el eni- 
girie\s than after they 
have be'.en in se'rvice a 
year or so. (Se'e Poiver, 

Oct. 25, 1021, p. ()52.) 

Generator efficiencie's at 
full loael vary freim 80 
per ce'nt for the* 15-kw. 
size to 04 pe'T' cent for 
units e)f 2000 kw. rateel 
capacity. The em'rall eir 
combineel efficiency at. rateel leiad vaik's freim 75 pe'r e;ent for small units 
to 93 per e'e'iit feir larger ones. The ge'ne',rate)r e'fficie'ncy of very large 
turbo-alternators, 25, ()()() kw. rated caiiacity e)r more, is in the neighbor- 
hood e)f 97 jier e-ent. The efficiency at fractional loads for a specific case 
is illiistrate'd in P5g. 248. 

Lucke, Eynjinecriuij Thermodynamics j p. 370, states that the mechanical 
efficiency of the piston engine is indepi'iidi'iit of the speed and that it 
may be expressed 

= 1 — Ki — A'a/m (140) 

in which 

Ki = constant, varying from 0.02 to 0.05, 

K 2 = constant, varying from 1 .3 to 2.0, 
m = mean effective pressure, lb. per sq. in. 




382 


STEAM POWER PLANT ENGINEERING 


169. Eanklne Cycle Efficiency. - - TIk' (l(‘grco of p(‘rf(‘ctioTi of an ongine, 
or the ext(‘nt to which the* ili(‘or(‘li(‘al possil)iliti(*s an' n'alized, is the 
ratio of th(' thermal ('ffi(aency of the actual engine to that of an ideally 
perfect engine* working m the Hankim* cycle with complete expansion. 
This is called the Kankine* efli(*iency, or Jlankine cych* latio, and is (ex- 
pressed on the i,hp.; br.hf). or kw. basis. It is the accepted standard for 
comparing the performaiK'c* of steam engines. 

If E = Ilankine efhci('ncy‘ 

Et — thermal efhci(*iH‘y of the actual ('ngiiK' 

Ef = efhcieiK'y of the id(‘al (‘iigine working in the Rankinte cycle with 
compl(‘t/(* ('xpansion . 

Then E = EJE, . (141) 

From equation (138) 


Ei = 2547 - W{Ili - qn) 

And from equation (128) 

Er = (//.' - Hn) - (//, - gn) 


Whence 


E = 2M7/W(Hi - q^) - (IJi ~ - qn) (142) 

= 2547 -- W{Hi- 11 n) (143) 

The Rankine cycle effici('iicy may also be expr('ssed as the ratio of the 
actual unit water rate to that of the p('rfect (nigirK* working through the 
same pressure and temperature range. 

Example 33. — D(*termine the Rankine cych* efficiency of the two 
engines specified in p]xample 31. 

Solution. — Superheated steam engine. 

E = 2547 -f- 8.5 (1332 - 908) = 0.70G = 70.6 per cent (br.hp. basis) 
Saturated steam engine. 

E = 2547 12 (1176 - 898) = 0.763 = 76.3* per cent (br.hp. basis) 

Rankine cycle (dficiencies (i.hp. basis) for various types of engines 
under average* steam conditions and at rated load range are approximately 
as shown in Table 57. 

^ The term “ efficiency ” without qualific.ation when applied to the performance of 
engines is usually considered to mean Rankine cycle efficiency. 



RECIPUOC^ATING STEAM ENGINES 


383 


TABLI': 57 

UANKINE CYCLE KCFinENCIES, PER CENT 



S:iiuiTi(ctl Ste.mi 

Super Kcale<i Steam 


C'oiiiloiiMnu 

Noii-roiulensriijr 

C’oiidniiBing 

* Siinplt', single; vmIvo 

(i;") 

3S-4,^) 

().'V-75 

50-()5 

* Sirnplo, limit i--vjilvc . . 

(if)-?.) 

42-()3 

72- S2 

00-75 

Simple, uiuflow 

7(V SO 

(i,V70 

75 S5 

70- SO 

* Conii)Oiin(l. 

70 so 

(i3 73 

7.5-S.5 

OS- 80 

* Trij)lc ('xjian.sion . 

72-s:2 

70- 70 

75-SO 

70 S2 


* (’(»uiilcrflow 


The piston soldoin (‘xjands the stexun down to ih(^ existing 

back i)ressiir(‘, but release's fioni 2 to o lb. above', this pe)int in coneleiising 
engiiie^s and frenn If) te) 20 lb. above in neni-cojiek'nsing e'ngines. The 
ideal cycle coiT(*si)e)nding 1e) this conelitie)n is the^ Raiikine cycle with 
incomplete' (.‘xpansie)n. The' ratie) of the ihe?*inal effieaency of the actual 
engine' to that e)f the iele'al engine' w'orking in the' ince)inplete (*ycle is a true 
measure of the degre'e' of pe'rfectieni of the' engine' uneler the given condi- 
tions. This rate is seniie'time's calleel cylinder efficiency and may be ex- 
pressed as 

ir [( H, ~ If,) + {I\ - J\)x,Uc - 77S] 

See ecpiatiems (KIS) anel (132). 


Example 34. — De'termine the cylineler efhe'ie'ncy ejf the twe) engines 
spee'ified in Exainjde* 31. 

Solution. — Supe'iheated steam engine: 


8.5 11332 - 980 + I (2.0 - 0.5)0.8(30 X 173.5] 
= 0.7()1 = 70 per cent. 

Saturated steam engine: 


E' 


2547 

“ 12 [1170 - 935 + m (4 - 2)0.808 X 90.5] 
= 0.8(38 = 80.8 per ce'iit. 


Summing up the various efRcicncies for the two cases analyzed in 
paragraplis 166 to 169: 
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S:i1 LiriittHl 

Sxiiiorhonted 


SiPMiu Knp,iJi(' 

Slejuii IlTigine 

PriNSSure', ll>. ])eM Hip in , Mlisnluh . 



Inil.nil 

loO 

200 

Re*l('iis(‘ 

A 

2 

CejiieleTiMi'T 

‘2 

0 5 

l)rf»reM‘ of su))rrli(‘iit , di'^; 

0 !).S-^ 

27)0 

StoiLin consuin])! ion, Ih jicr hr h|)-lii“. 

1 


ActiRil (‘nj;in(‘ 

i 12 00 

S ,50 

Itle'iil e'OMIn'r, UnnKinc' evrU'. willi inctunpU'lo (“xpiinMon | 

1 ',) ()() ' 

() 10 

l(le*al I'n^inr, ihinkiiu* cm Ic. willi coinplrlc cxininsion 

! 0 i(i 

() 00 

Idtnil ('nj;in(', ( to no( cncIi' 

10 .V.) 


Tlu'riintl cIlicKOicv , pin- iM‘nt 



Aed.vnil on^inr 

1 1!) ei 

2lt II 

lelcul (‘iiKinc, PankiiK' cm U', with inconipUdi' cxpunsion 

24 It 

ItO 7 

lele'iil I'lijiiiu', IhinlviiK' cxclc, willi <oini»l(‘l(‘ ('xpgnsion 

2;') S 

113 3 

Ideal eMij;im', ( \ii no( i*vi Iv 

2S It 


Heat e'onsninpl ion. It ( ii. p('i hi liji-lii.: 



Ae'.l nal nni^inc 

12, OS.-) 

10,914 

lele’ul e'lii^iiK', Piinkiiu' cxch', will) in<()in|»l(‘l(‘ ox|i:uision 

1!)() 1 

1.54 () 

Ide'Ml e'lijiiiu'. Kanlvinr ( \ ell', w il li coinph'to oxininsion 

171 S 

138 4 

Ide'al e'nt;ine', ( tirnol i >clc 

i:.2 -) 


RankiiU' ('Ifn ' k'Ik v, n nl 

70 It 

' 70 G 

Cylinder edlicicnc^ , pci ccnl 

SO s 

70 1 




170. Coniiiiercial KUIcieiiries. — TIumm' is ih) staiidarcl for 

rating* th(' coihiikmcmiiI of an or Tho vaiious 

measures us(‘(l in tins coiunM-iion, siirh as B.t.u. of fuel fired per hp- or 
kw-hr., lb. of standard coal per br.hp-hr., cents per hp. per year, and tho 
lik(', incliido Hk' oconoinv of ll)(‘ boibn* and auxiiiiirit^s and ar(‘ not a true 
indi(‘ation of th(‘ iK'i ronnajK'o of tho onp;ino alone'. From a conmK'i'oial 
standpoint, it is imi)orlant to know tlu' woi^lit of c‘r)al r('(piii'(*d to dovc'lop 
a hp-hr., taking; into oonsidc'ration all of the' losse's e)f transmission and 
convorsion, anel a kne)wlodj;e* e)f tho overall efficiency from switrhboard 
to coal pilo is e)f value' in l)asinf* tho oost e)f pe)we'r; hut^ the'sc' ite'ins are' in 
rc'ality inoasure's e)f tlu' plant economy and aro of little' A'aluo in (■e)in])aring 
the porfonnane'e' e)f tho pi iiiie' inovor. 

ConnnvrcKil Kllicunri/ m Truiisfornudloti and Disirihiition of Encrqij : (t E. Lucke, 
Mech. En^rfi; , .hiiio, b)2t, p IP 7. ‘ 

171. Heat Losses in (he Steam Engine. — Tho principal losse's which 
tend to lower the e'thcionoy o'* the steam erngino and which prevent it 
from realizing the jM'iformance of tho ide'al oiigine aro clue to: 

(а) (Cylinder coiul('nsatie)ii; 

(б) Leakage'; 

(c) Clearances ve)liime; 
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(d) Incomplete expansion; 

(c) Wire drawinji;; 

(/) Friction of tlie mechanism; 

{g) rrcsen(‘(' of moisture in the steam at admission; 

(/i) Radiation, convcH-tion, and minor losses. 

172. Cylinder Condensation. — Th(' w(‘ifilit of steam apparently used 
per revolution, as detcMuiiiu'd from th(‘ indicator card, or the indi- 
cated steam consumption^ (sec* ])ara-f!;rai)h 403) is considc'iably less than 
that actually su])pli(*d. 'Tlu* diff(*rence or missing quantity is due chi(‘fiy 
to cylinder condensation. This is l)y far the* gi-eat(‘st loss in the steam 
engine with tlu* (*xc(*ption of that inlierent in the* id(*al (‘iigine. When 
steam is admittcnl to the cylinder* of a count, (‘rflow ('ngine, a, considerable 
portion of the* h(‘at is givcai wj) to the comparatively cool skin surface of 
th(^ cylind(‘i* walls. If the st(*am is satiira.1(‘d at- admission, this heat 
absorption causes cond(‘nsation, or initial condvnsijiian as it, is called; if 
superheat ('d at admission, the* tem[K‘ra1,ur(‘ is low(*i*ed to a corrc'sponding 
point. After cut-off, heat continuc's to lx* given iij) to tlu* walls until the 
tcimperature of the steam falls below that, of the skin surface, when the 
process is r(*v(‘rsed and part of tlu* heat is rdunu'd t,o the st(*am. With 
saturat'd sb^am tlu* heat absori^tioii caus(‘s condensation during expansion, 
and, accoidiiig t,o t he acc(‘pt(*d theory, tlu* heat j’(*j(*ct(*d cause's re-evapora- 
tion during expansion. According to tlu* invc'stigation of M. II. Barker, 
enginec'r of the Hoovcai, Owens, Hent,cfil(*r Oo., tlu^ time* from cut-(jff to 
releavse is too short for the* wat(‘r of cond(*nsation to absorb tlu* heat from 
the cylind(*r walls, and the departure of the exi)ansion line from adiabatic 
is diu* to leakage*. (Sc'c* Power ^ Oct. 0, 1923, ]). 51)7.) With superheated 
steam an (*(piival(*nt heat (‘xchange takc'S placM*, though to a less marked 
degree. Unless the cylinder is of a compound seri(*s, the lu'at absorbed 
from th(* cylindei' walls during exhaust does no us(*ful work and is lost. 
With counterfiow engitu^s, tlu* exhaust steam must be r(4unied in order 
to pass thiough the exhaust valv(*s locat-ed at tlu* ends of the cylinder, 
thereby cooling the clearance surfaces, which in turn condense a part of 
the incoming steam on the next working stroke. In the uniflow engine 
(see paragrai)hs 190 and, 197) the (*xpanded and (U)oled steam does not 
flow over tlu^ c-kxarance surfaces hut is dischargcul ttu'ough ports in the 
center of the cylind(*r. Furthermore, during compression, the (*xhaust 
steam trapped in the* cylinder is compn'ssed against a jacketed head, 
and that portion remaining in the clearance* space* is heat(*d by compres- 
sion to a temperature* juactitailly that of the initial st(*am. When the 
admission valve* ojx'us again to start the n(*xt stroke, live st(iam rushes 

Also called the steam arcounlcd for by the diagram or diagram I'lcani. 
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in and encounters the steam which is compressed to a high temperature, 
and practically no initial condensation takers place. Cylinder condensa- 
tion and leakage, rneasm'ed as lh(' proporti(3n of tlui mixture present, varies 
with the type aiHl siz(^ of th(^ engine, length of cut-off, valve design, tem- 
perature rangf‘, location of i)orls and port passages, jacketing, lagging, 
and other variables. It rang(‘s from 18 to 00 jxt cent in the counter- 
flow engine, and from 12 t-o 2o per (‘xuit in the imiflow. In the uniflow 
engine, how(‘ver, the vurvo is miudi flatter, as will be s(^en from an inspec- 
tion of the curvi^s in Fig. 249. Th(\se curves ar(' basc^d on indicator cards 
taken from a numb(‘r of non-condensing ('ngines and are, therefore, ap- 
plicable only to the particular 
types and sizes tested and 
for the (‘onditions under which 

r 

the tests wer(^ mad(^, but arc 
of interest in showing the 
influen(*(' of ratio of expansion 
on cylinck'r condensation and 
leakage losses for the two 
typ(‘s of ejigines. 

The (‘inpirical formulas 
which may be used for cal- 
culating the extent of these 
losses, and which involv(J the 
various influencing factors, are unwieldy and only approximately acemrate. 
One of the most satisfactory formulas of this class is that deduced by 
R. C. H. Heck, The Steam Engine and Turbine,” 1911, p. 175. 

The various heat exchang(\s between the working fluid and th(‘ cylinder 
walls, including cylinder (condensation and k^akage, are approximately 
determined by transferring th(^ indicator diagram to the temperature 
entropy chart. (See paragraph 401.) For use and application of the 
temperature-entropy diagram in engine tests, consult Powery Dec., 1907, 
p. 834; Jan. 21, 1908, p. 96; Jam 28, 1908, p. 145. 

A comparatively simple method for approximating cylinder condensa- 
tion and kakage loss(\s is given by J. Paul Clayton, Bulletin No. 58, 1912, 
University of Ulinoisy and consists in transferrflig the indicator diagram 
to logarithmic, cross-section paper. By means of th(^ logarithmic diagram 
Clayton found that, (1) fi’ee from certain abnormal influences, expansion 
and compression take place in the cylinder substantially according to 
the law PI"" = C; (2) th(^ value n bears a definite relation in any given 
cylinder to the proportion of the total w('ight of steam mixture which 
was present as steam at, cut-off'; (3) the relation of the value n to the 
value Xc (quality of steam at cut-off) for the same class of cylinder, as 



Fig. 249 . 




reciprocating; steam encunes 
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regards jacketing, is practically independent of engine speed and of cylinder 
size; and (4) t)y nieaiis of the experini(*ntally determined relation of Xn 
and n, tlie actual steam consumption may be obtained from the indicator 
c'ard to well within 4 per cent of the true valium The curves in Fig. 701 
wer(^ plotted on logarithmic cross-section paper from the pressure-volume 
diagrams of a 12-iii. by 24-in. Corliss engine, and illustrate Mr. Clayton’s 
method of analysis. The curves in Fig. 702 show the rt^latioii between 
(piality Xc and (‘xponent n for a given set of conditions. See also 
paragraph 400. 

173. Leakage of Steam. — The loss due to leakage is a variable fac- 
tor depending upon the d(‘sign and condition ol’ the (‘iigine, and is greater 
with saturated than with sup(‘j‘h('at(‘d steam. According to the investi- 
gation of M. L. Bark(n*, about one out. of three ('iigines has tight valves. 
(See Power, Oct. 30, 1923, p. 093.) The usual intH.hod of measuring 
leakage past thc^ valves and piston while the engine is at rest is likely 
to give erroneous re'sults, as deanonstrated by Callender and Nicolson 
(Pc'abody, Theainodynajiiics,” p. 351) in tests made on a high-speed 
automatic l)alaii(a'd-valv(* engine^ and on a epiadruple expansion engine 
with plain uiibalanc(‘d slide valves. With the enguies at rest, they found 
that the leakage past. valv(‘s and pist.on was insignificant, but, when in 
operation, the leakage from th(‘ steam ch(‘st into the exhaust was con- 
siderable. It was thought that a large proiK)rtion of the k'akage was 
probably in the form of watej* formed by condensation of steam on the 
seat uncovered by the* valve. 

According to thc^ report of the Steam Engine Research Committee 
{Enqrg. Loud., March 21, 1905, 393), leakage through a plain slide valve 

is independent of tlu^ sp(‘(Hl of t.h(‘ sliding suifaces, and directly propor- 
tional to the dift‘('renc(^ in jaessun' on the two sid(\s; with well-fitted 
valvc^s the leakage is never lf*ss than 4 i)er ci(‘nt of the volume of steam 
entering the cylindcMs, and is ofttui greaten- than 20 i)er cent. 

The various k^akage losses may be ai)proximated by transferring the 
indicator diagram to logarithmic cross-sect ion papt'r. Figure 703 shows 
the application of the logai ithmie diagram to a si)ecific case and illustrates 

this method of detcirmining leakage' losses. Sec paragraph 400. 

■ 

Leakage Past Piston Valves: Engrg., Feb. 9, 1912. 

174. Clearance Volume, and Compression. — The portion of the 
cylinder volume which is not swept through by the piston but which 
is nevertheless filU'd with sh^am when admissioji occurs is called the 
clearance volume. It. is the space b(*tween tlu'. end of the piston when 
on dead center and the inside of the valv<'s covering the ports. In coun- 
tcrflow engines it varic's from about 2 per (“cnt of th(' piston displacement 
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in very (‘iip;iiios with short steam passages, to 10 per cent or more 
in small high-sfX'c^d (‘ngiiies. In imiflow engines it ranges from 1/2 to 5 
per cent, the low(n' valuta for iho largest engines with single-heat poppet 
valves. 

The extent of surface' in the' elearaneic si)ae‘.e greatly influences the 
amount of cylinder e'onde'nsatie)n, since the^ jiislon is moving slowly near 
the end of the e'ylinde'r, and the^ time of ('xpe)sure' of the' ste'am to these 
surfaceis is (ximparative'ly long. 1die gie'ateir pari of the' cylinder conden- 
satiem usually oe-eairs in tlu' e'le‘arance spaex'; the'ie'fore the steam passages ^ 
and clearance s[)ae‘e* should he' de'signed so as to pi e*se‘nt a minimum amount 
of surface e'onsistent witli the' ])rope'r (‘ushieming volume for smooth 
operation. Tlu'ore'tically, if ste'am is (X)mpr('sse'd aeliahatie'ally to the 
initial pressure t lie're* is no loss due lo e^le'arance*, hut in exmnte'rflow engine 
practice e‘.om]:)re'ssie)n e;anie'd t,o initial pre'ssure de)e's not necessarily 
improve the e'ce)ne)my. Foj- a e-onstant time ele'iiu'nt, the shoite'r the 
cut-off the' gre'ati'i- will he' the' ratio of the we'ight e>f eaishion steam to that 
of the ste'am sui)i)li(‘d and he'nce' the' gre'ate'r the loss. In large' sle)w- 
movyig emgine's the' loss due' te) cle'arance' may he greater than that in 
high-speed, short-strol^e (‘iigiiie's he'canse of the' le)nger time of e^xpe)sure 
to the cle^araiie'e' surfae-e, A.cce)reling to Pre)fe\sse)r ,I. Stum])! (The Ihia- 
flow Engine, 1922, p. 42), '' (1) for the same initial ami l)ack jnessure, 
in.e.p., anel hc'st e‘om])r(‘ssion, the thc'ore'tical steam cemsumption incieases 
almost line'arly with the' e'le'arance' vedume'. (2) The ve)liuiie loss increases 
with increasing initial pie'ssuie', decreases with ine'reasing hae-k pressure 
and m.e.p., anel he'enniu's a minimum fe)r a exntain le'ugth of etomiriession. 
(3) The e'learamx' volume* loss is zero if (*x})ansi()n reaedie's the hack pres- 
sure and comirressiem rise's te) the* initial ])re'ssure'. (4) For a give'ii initial 
pressure, back })rcssuic, m.e'.p., and length of eH)mpression, the clearaneie 
volume must he such that the change e)f pressure during expansion is 
equal to the change* e)f jrre'ssurc eluring ce)mpre'ssion.” 

The ratio e)f ex])ansie)n is a funedion of the^ e*learane'e verlume; for ex- 
ample, an enigine' cutting e)lf at e)ne fifth, negleeding cleai’ance, has an 
apparent ratio of expansion of 5, but if the clearance volume is 10 per 
cent the actual ratie) is e)nly 3.00. 

In high-spee'd engine's a cei'tain amount of cc)nipre\ssie)n is desirable for 
its cushioning effead irie'speedive e)f its influe'iie^e e)n C'e'onomy. Aex'ording 
to Professor J. Stiunpf, For a given initial pressure, mean effective 
pressure, and clearance' volume, the lowe'st steam consumptie)n is obtaineel 
if the length of c>ompre'ssie)n is maeie 100 ])er cenit anel the back pre^ssure 
is chosen so as to make* the* ediange e)f te)tal heat during e'xpansion equal to 
the change of total he'at eluiing compj'e'ssion.” 

A series of tests by Professor Jacobus {Trans. A.S.M.E., 15-918) on a 
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10-in. by 11-in. high-spc'od cUitointiiic engine at Stevens Institute show 
decreasing economy with iner('as(‘ of compression, the initial pressure, 
cut-off, and rc^lease remaining constant. The n'sults were as follows; 


Proportion of initial prestsure up to which the steam is com- 
pressed . 

H 

; 

j 

Full 

Steam, lb. per i.hji-hr.. 

;u.8 

30.7 

38 


Tests by Carpeiit(‘i’ (Tnuis. A.S.}T.E., IG-OoT) on the high-pressuie 
cylinders of ’the Corliss engine at Sibley Colk'gc' gav(‘: 


C'omprossioii, per cent 

11 4 

2.a 

3.5.2 

Jh ake hp I 

30 

20 

20 

Steam, lb. per br.hp-hr. . . 

• 

33 

33.3 

31 


Tests mad(‘ by A. H. Klem]K‘rer on a 7.1-in. by 17.7-in. (k)rliss engine, 
at Dr(\sd(m, gave decn'asing steam consumption for incrc'ase in c()m[)res- 
sion volume up to about twice: that of ihe (‘.I(‘ar:uu:(‘ bej^ond which the 
water rate incn'ascnl with ih(i inci-ease in compression. (Zcil. d. 
deni. Ingr.j Vol. 1, lOOo, p, 797.) 

Tests mark' by Prolessor Boulvin on a 9.8-in. by 19.7-in. Corliss engine 
at the Univeisity of Clhc'Tit gav(‘ r(\sults agreeing with thos(" of Kkariperer. 
{Revue de AlccaniqiiVy 1907, Vol. XX, p. 109.) 

175. Loss Due to Incomplete Expansion. — In the perf(‘ct or ideal 
engine, maximum economy is efh'cted by exi)anding the steam down to 
the existing bath jn’essui'c. The in(*rease in mean effective pressure^, 
however, resulthig froju com])lete (‘xi)ansion, particularly for low back 
pressure and high initial ])ressure, is comparativ(‘ly small and nec(‘ssitates 
tlK'. use of extremely large cylinders for a given powcu' outpTit. In the 
actual engine, tlu^ m.e.p. is less than in tin’: jx'rfect engin(‘ for the same 
conditions; therefore, in order to obtain more pow(T for reasonable 
cylinder dimension, (expansion is not carried to th(' back-pressure line 
but to some point above this limit. Furtliermorc‘, in the actual engine, 
the greater tlui ratio of (expansion the greater will b(' the loss due to cylinder 
condensation, and at some point, in the ex])ansiori the loss just balances 
the theon'tical gain and any furtlna- expansion beyond this ])omt will be 
at the expense of economy. This critical point varies with th(^ design of 
engine, initial pressure, and quality of steam, and the back pressure. In 
the ordinary singk*-cylind('r non-condensing counterflow engine using 
saturated steam, it corresponds to approximately one-(|uarter cut-off. As 
will be shown later, the ratio of the expansion may be increased with 
reduced condensation losses, or the equivakmt, by compounding, super- 
heating, or employing the uniflow principle. 
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176, Loss Due to Back Pressure. — In th(i perfect for a given 

initial pressure and (lualily of steam and a fixc'd ratio of (‘xpansion or 
m.e.p., any n'duction in bac^k jjressure will r(‘sult in increased horsepower 
directly j)ro})ortional to the in.(‘.j). Conversel\’, :iny increase in back 
pressure will r(‘sult in corres})ondingly decr(uis(‘d horse})ower. Thus it 
will be seen that more' pow(‘r (‘an b(‘ r^'alizetl foi‘ a giv(‘n weight of steam 
by this reduction of back i)ressure, or, for a given power, l(‘ss steam ncnal 
be furnished th(' (‘iigine. In th(‘ actual engine* this law holds true within 
certain limits only. Fo]‘ (wamph*, a singl(M*ylindi‘r (*ngine (.U*signed for 
noji-condensing s(*rvic(* will show decnaised (‘c.onomy almost directly pro- ' 
portional to th(‘ in(;r(*as(‘ in ))ack ])r(\ssur(' for pn'ssuri's above alinospheric, 
but when the bae-k prc'ssure* is reduced by (‘ondensing, the gain in (economy 
is less as the dc^gree ol vacaium increases* ^This is due ])artly to leakage 
at the highei‘ vacaia and to in(a*eas(‘d (iylindei* t*,ondensa(ion b(*cause of the 
increased teinj)erat\iie range* within the (*,ylind(*r. This is true* for all 
classes and types of |)iston (*ngines, but. the d(‘gre(^ of d(‘partur(' from the 
performance* e)f the ideal engine is nie)re niarke‘.d in the* single*-c3dineler 
couuteTflow than in the ce)nipound counterflow or singl(‘-e*ylinde*r uniflow 
engine. Professe)r .1. Slumpf, in The Unafiow Sfeam J^]ngine*,” 1922 
Edition, p. 43, prove's (h'eluctively that in e*very piston engines there is a 
bac.k pre\ssure fen* eae'li set of op(*rating ce)neIitions unele*r whieli maximum 
economy (;an be re^alize'd. This critical back pressure is a fune^tiem e)f the 
clearance volume, initial jire^ssure, load, anel k*ngth of ce)mpre*ssie)n. 

Professe)!’ Stumpf has e*x})erime*nte^d with e*xhaust nozzles with the view 
of making use of the* kinedle; energy e)f the exhaust te) re‘duce the* cylinder 
back pre*ssure. This has jnweel successful on the* Prussian State Rail- 
ways in (jonneediem with multi-e;ylijieler unifle)w enigines. Cknisiderable 
experimental work e)r this nature is undea- way in Ameri(‘a, but the art 
has not be(*n developexl to the^ pe)int where* stationary iinits are employing 
this principle. For a mathennati(‘.al analysis of the exhaust eje*(*,tor (a)nsult 

Using Exhaust Energy in Reciprocating Engine's,” by J. Stumpf, Alech 
Engrg., June, 1922, p. 399. 

177. Loss Due to Wire Drawing. — Wire elrawing, or the drop in 
pressure elue to the resistances of the ])orts anel passages, has the effect 
of reducing the output and the economy of the e*Tigine* to some e*xtent, 
since the pressure within the cylinden’ is le*ss than that at. the throttle 
during admission and greater than elischarge pressure at e'xhaust. The 
steam may be dried to a small extemt eluring aelmission, but because of 
the drop in pressure the^ heat availability is reeluceel. The h^ss in available 
heat may be calculatc'd as shown in paragraph 391. In single-valve 
engines the effects of wire drawing are decidedly marked and the true 
points of cut-off and l elease ai-e sometimes difficult to locate on the indi- 
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cator card. In engines ol Itu' Corliss, poppet, or gridiron-valve typ(', the 
effects are hardly notict^abk'. 

178. Loss Due to Friction of the Mccliaiiisin. — Th(^ difference be- 
tween the indicated hors('])ower and that actually developed is the power 
consumed in ovc'rcoiniug friction, and varies from 4 to 20 per cent of the 
indicated power, dep(‘nding u])on the typ(‘ and (condition of the engine 
and the method of lubiication. Engim' friction may be divided into (1) 
initial or no-load friction and (2) load friction. The stuffing-box and 
piston-ring. friction is })ra(dically ind(‘pendent of the load, while that of 
the guide's, Ix'arings, and tlu' like incr('as(\s with the load. The curves 
in Fig. 250 show the relation Ixd.wf'en friction horsepower and de^veloped 
horsepowt'i- for a h'w tyi)e‘s of engine's. The' eiistribution of the frictional 
losses in a numbe'r e)f e'ugitu's is give'ii in Table' 58. See also paragraph 
168. 


TARLt: 58 

DISTTUBUTTON OF FRICTION IN SOME DIIIECT-ACTINO STEAM ENGINES 

n'liurslon)* 



I *oi contage of T(»lnl lOiigiuo Friction 

PurtH of Eiigmoa \shoro 
Friction la Mouwnred 

“Straight” 

Line” 

Ralaneeil 

V.iKe 

“Straight ” 
Lino” 

I'nhahiiiced 

Valve 

Traction 
Fngiiic 
l.ocoinoliv'o 
^ alvo Cl cat 

Automatic 

balanced 

Valve 

CondoiiHing 

Engine 

liulunced 

V'alve 

Main boarinp;s . 

17.0 

85 4 

85 0 

41 (> 

46.0 

Piston and [lisloii lod 

82 <) 

to 

c 

21.0 



Crank pin. . . 

() S 

5 1 

18.0 

40 1 

21.0 

Crosshoad and wrist jiiii. 

5.1 

4 J 



Valve and valves rod. 

2 5 

2().l 

22 0 

0.8 

21.0 

Eccentric strap. . 

5.4 

4 0 

Link and eccentric 



i) 0 



Air pump 

« 




12.0 


1(K) 0 

100. 0 

100.0 

100.0 

100.0 


* “ I'lii-hun and Work in Miiclnnciy,” p. 


179. Moisture at Admisslou. — The presence of moisture in the 
steam pipe is due to condensation caused by radiation or to priming 
at the boiler. Unless removed by some separating device between boiler 
and engine, the amount of moisture entering the cylinder may be from 1 
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to 5 per (;ent of the total vv('ij 2 ;ht of steam, and the work done per lb. of 
fluid is coir(‘sp()ndiTif!;ly rcdiKHid. This loss should not 1)0 charged against 
the (iiigine, howcwer, and its ]K‘rformance sliould bo n'ckoned on th(^ dry- 
steam basis. h]xi)r^rim('nts reported by Professor R. C. Garpcmter {Trans. 
A.S.M.E.j 15-438) in which wa(('r in varying (piantities was introduced 
into the steam pipe', (causing th(i f|uality of tli(^ steam to range from 99 
p(‘r c,(‘nt to 57 pc^r ccait, show(‘d that the consumption of dry steam per 
i.hp-hr. was [)ra(!tieally constant, the water acting as an inert (luantity.j 



An efficient separator will rcMUovij ])ractically all tlu' entraiiK'd water. 
The pn‘S(‘nce of large (juantities of water in th(‘ (‘ylinder is apt. to wreck 
the engine unk^ss it is ])rovided with larg(^ automatic* snil’ting valvc's. 
Moisture' (‘.arried from the boiler contains many of the impiiritic's found 
in the fee'dwate'r and is apt to foul the valves and fittings in the i)ij)e line. 

180. fiadlatloii and Minor Losses. — The hc'at loss, (‘.onmionly 
calk'd ^‘radiation,” from the cylinder steam chest, piston rod, and valve 
stems, to the surroundings has the* efh'ct of incrc'asing the cylinder con- 
densation. In jacket engines this loss may be a])ini)xiniat('d by the 
quantity of steam condensed in the jacket whem the* ('iigine is not running. 
In unjacketed engines the* loss is practic'ally undeterminable since the 
heat exchange* be'tween the cylinder walls and the stc'ani is excH'cxlingly com- 
plex. The heat loss due* to radiation, measurc'd in terms of the total 
heat supplied, varic's from 0.2 per cent in very large unihs with efficiently 
lagged cylinders and steam chests, to approximately 2 per cent in small 
engines as ordinarily insulated. 

181. Heat Loset In the Exhaust. — Most of the heat wsupplied to the 
engine is rejected to the exhaust; this varies from 70 per cent in the 
most economical type of prime mover to 95 per cent in the poorer types. 
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If the exhaust steam is used for heating or otlK'r useful purposes, the 
heat chargeable to power is the dilTereiice l)etw('(‘ii tlu' lu^at supplied and 
that utilized from the exhaust, and amounts to approximately 2800 B.t.u. 
per i.hp-hr. or 4000 B.t.u. ])er kw-hr. In passing thioiigh a prime mover, 
heat is abstracted from th(' steam by: 

(1) Conversion of part of the h(‘at into mechanical ('iiergy, 

(2) Loss to the siUTOundings. 

If .1 = heat convert(al into work, B.t.u. per Ib. of steam, 

Wj W' and IPi = wat(‘r rate, lb. j)er i.hp-hr., l)r.Ji]>hr. and kw-hr., re- 
spectively, 

e' and = mechanical efliciency of tli(' engine and c-oinbined 
engin(‘-g('nej-ator, resp('etiv(‘ly, 


Then A = 


2547 

W 


2547 3H5 

e'W' ~ ( AW 


(145) 


Considering Hi as the initial heal cont(Mit, B.t.u. per lb. above 32 deg. 
fahr., and Hr as the loss due to radiation, B.t.u. per lb., th(' In^at content 
H2 pel* lb. of exhaust will be 

//, = III - Hr - A (140) 

As previously stated, the heat, loss du(‘ to radiation in terms of the total 
heat suppluid varievs from 0.3 per cent in v(M*y larg(‘ units with efficiently 
lagged cylinders and steam chests to apinoximatidy 2 ]>(a‘ eeni in small 
engines of 25 hp. rated capacity. An average value' of 1 j)er c('nt may be 
assumed for most practical jiurposes. 

If the exhaust (contains moisture, as is usually th(^ case^ we have 

H. = .ror, + (147) 

in which 

X 2 = quality of the exhaust, 

'/2 = latent heait corr('S])onding to exhaust pressure, 

52 = heat of th(^ liquid at exhaust jn'essure'. 

Combining ee^uations (140) and (147) and r(*ducing 

X2 = (Hi — Hr — q 2 — A) rz (148) 

If the exhaust is superheated 

^2 = ro + 52 + Cintz^ 

in which 

Cm — mean specific h(*at of the suiierheated steam at exhaust pressure, 
U! = degree of superheat of the exhaust steam, deg. fahr. 
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Th(^ iK^i hoat, II pj charf^(^al)l(' to powc^r is 

Up - IV{A + Ur), H.t.ii. j)or i.h]).hr. (149) 

All of tlu' boat of (‘xluiust is not avaibiblo for coinmorcial boating 
puri)osos or j)i‘()('(‘ss work, Ixa'a.usc' of tbo coiulcaisatiori losses in tbe cx- 
baust main. Tbo (‘xU'iil of ilu^ latt(a- (l(‘])oiuls upf)n tbo siz(^ and length 
of main, rati* of flow, and (‘fbeitmoy of tbo pijx* oovoriiig. Hoprosonting 
Ibis loss by //^^(Ibl.u. ix'r lb. of st(‘am), and assuming that it is ebargod 
against, povvc'r, tlu^ total In^at cbargcaibk^ to jumia- is 

//, = iri.i + //,+ //,) (isi) 

and tb(' (‘tpiivahml \\at(M' iat(‘, for pow<‘i only, TE^, is 

ir, -- ir(d + Ur + .fh) - u (151) 

in wbieb 

// = Ti(‘t. li(‘at su])pliod to tb(‘ ongino, B.t.ii. p(‘r lb. 

For output (‘\])r('ssed in t('rms of br.b]). or kw., substitute IT' and TFi, 
rospoetiv<‘ly, in i)la(‘o of lib 

Very littl(‘ inb)rmation is available rolativi' to tb(' (piality of exhaust 
as dotormiiKxl by actual lost, but such as lias been pulilisbod is in accord 
with th(' results calculat(‘d from (Hpiation (117). 


Example 35. — A 23-in. by l(>-in. simple (uigim', direct connected to a 
2()()-kw. geiKU-atoi* instalk'd at tbe Armour Institute of Teidinology, uses 
35 11). of st('a,m pei- i.bi)-br. at full load; initial pressure, 115 lb. abs., back 
jiressun', 17 lb. abs., initial (piabty, 9S jier C(‘nt. 

Cbilculatc' tb(^ (jualily of tb(' ('xbaust, assuming a radiation loss of 1 per 
cent, and det.ia’iriiiu' tbe amount of b(*ati cbargealile to power. 

Solution. — From sti^ani tables 

II I = xr -h q = l).9S X 879.8 + 309 = 1171; r, = 9G5.0; q 2 = 187.5 
A = 2547/35 = 72.8. 


By assumption, 11 r = 0.01 X 1171 = 11.7 
Substituting tbi'st' values in (‘quation (147) and reducing 


X2 


1171 - 11.7 - 187.5 - 72.8 
905. () 


0.933 ^)r 93.3 i)er cent. 


(Actual caloi imi‘t(‘r t(\sts gave a quality of 92.5 per cent, indicating a 
somewhat larger radiation loss than the assumed value of 1 per cent.) 
Total heat. Up, cbargcxible to power (ec|uati(m 150). 

Up = 35 (72.8 + 11.7 + Hx), B.t.u. per i.hp-hr. 

Hx varies with the sizc^ and length of the exhamst main and the efficiency 
of the covering. Assume that in this particular installation the loss 



RECIPROCATING STEAM ENGINES 


395 


amounts to the equivalent of 2 per cent of tlu' hc'at (rontinit, of the throttle 
steam. With this assumption we hav(', as the lu'at cliar^c^abki to i)()wer, 

Hp = 35(72.8 + 11.7 + 23.1) = 377().5, B.t.u. per i.h])-hr. 

Assuminp; that the coiulcMisation from tli(‘ lu'atiiifi; systcnn, incUulinp; 
that exhausted from th(' enj 2 :ine, is rc'turni'd to lh(^ Ixnler at a temp(‘ratiire 
of 192 deg. fahr., the net lu^at snppli(Ml pei- lb. of stt'am is 

H = 1171 - (192 - 32) = 1011 B.t.u. 

And the equivalent water rati^ foi* power oiihj is 

377().5 -h 1011 = 3.73 lb. per i.hi)-hr. 

The low f 11(^1 consumption for ])o\v('r whem the ('xliaust steam is used 
for heating purposes is at onc.e api)ai (‘nt. 

If st('am is extracdx^d at- soinc^ sta.g(‘ b(^1 wchui t he high-i)r('ssure inhd and the 
exhaust outlet, as from the rec»*iv(‘r of a compound engiiu*, the procedure 
is the same as previously describcMl (‘xc-e])t that the wat(M‘ rat-(' U]) to the 
point of extraction must be takini inst('a(l of th(‘ water rat(‘ Tor full (expan- 
sion. See examph' 41. 

Finding the Cost of Exhaust as Cow pared to Live Steam. Power, Mjiy, 13, 1924, 
p. 7.59. 

182. Methods of Increasing Economy. — Vaiious methods have been 
adopt(‘d for bettering the (‘conomy of piston (Migiiu^s; among tlumi may 
be mentioned: 

(a) Increasing initial pressure, 

(b) Increasing rotativ(‘ s})('ed, 

(c) Decreasing ba(4v pn'ssure by condcuising, 

(d) Superhc'ating, 

(e) Use of steam jackets, 

Reheating rec(*iv('Ts, 

(g) Compcninding, 

(h) Us(' of imiflow or straight-flow cylinders, 

H) Use of binary fluids. 

183. Increasing Initial Pressure. — A glance at the curves in Fig. 
251, which visualize the relation betweem thermal (dficiency and varying 
initial pr(',ssur(',s for the perfect engine working in the Rankine cycle, shows 
that with saturated steam the efficiency increases with th(^ initial pr(issure. 
Up to a pressure of 250 lb. abs., theuv is a markcHl increase in efficiency, 
but beyond this point the gain is at a gradually decreasing rate. Thus, 
in raising the pressure from 50 to 250 lb., a range of 200 lb., th(' (efficiency 
is increased 31.6 per cent for the condensing and 55 p(er cent for the non- 
condensing engine, while raising the pressure from 800 to 1200 lb., a range 
of 400 lb.* incrcascss the efficiency of the condensing engine but 5.25 per 
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cent and that of the non-coiidensinp engine l)ut 0.1 per cent. The per- 
formance of ih(‘ actual engine also shows increas(^d efficiency with higher 
initial pn'ssun's, but to a lesser (h^gi ee than with the perh'ct engine. Unless 
the engine is ch'.signecl for high pressures there is a point beyond which 
leakage past pistons and valves and cylinder condimsation offset the 
thermal gain. This point of maximum heat economy varies with the 
type and construction of the engiiu' and ranges from 165 lb. abs. in the 
ordinary type of counterflow (mgine designed for moderate pressures, to 
415 lb. abs. in th(' best type of single-acting uniflow engines. Small 



experimental engines of the compound type dt^sigm^d for high pressures 
have shown increasc'd efficiency up to the 800 lb. initial pressure, but the 
gain at pressures abov(^ 400 lb. were not commensurate with the increased 
first cost of the ])lant equipment. This applies strictly to saturated 
steam. With high initial superheat and intermediate superheating, the 
heat economy apiK'ars to be limited only by th(', maximum pressure and 
temperature that the materials can withstand. In piston-engine practice 
in this country, th(‘ best overall plant efficiimcy, taking into consideration 
both fixed and opc'rating costs, is obtained tlnough the use of moderate 
pressures and superheat. In some steam turbines which are now in 
course of construction, and which are to operate on a modified regenera- 
tive cycle with intermediate reheating, it is proposed to utilize initial 
pressures of 1200 lb. per sq. in. and a total temperature of 750 deg. fahr. 
Pressures over 400 lb. pea* sc^. in. are frequently employed in small engines 
where heat economy is secondary in importance to compactness and 
high power ratings. 
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The pressures commonly found in American practice arc substantially 
as follows: 


Type of Enpime 

lliiiiRe in 
Prossiun 
((iiiuo) 


Simple slow-spced (standard type) ... 

(;()-i2() 

90 

Simple high-speed (standard type). 

70-12:) 

100 

Simple, uniflow (non-condensing) 

ll;V22r) 

U)0 

Simple, unif1()\y (condensing) 

l2;V22r) 

175 

Compound high-speed, non-condcuising 

100 -ISO 

150 

Compound high-speed, condensing . 

100' ISO 

150 

Compound slow-speed, condensing . . 

12.V 200 

170 

Triple (sxpansion, condensing. 

140-2:>0 

200 

Quadruple expansion, condc; using 

< — - - - 

i7r)-:ioo 

2.^)0 


In (rorrcctinp: performance data from ol^served initial pressures to 
“ standard ” conditions as specified by eontrat^t or under guarantees, 
manufacturers use so-called “ corr(‘ction factors which ares basenl on 
actual tests or arc calculated fremi the pe'rfornianese of thes perfeset engine 
using assumed or observe^d Jlankines cycle efficiencies. The\ses factors, of 
course, should be agreeel upon by the parties inte^revsted, becaiises the^y 
vary with type and design of engines, load, and initial and final steam 
conditions. Fe)r example, a manufacturer of a well-known line of four- 
valve high-speed non-esonelensing engines uses thes fe)llowing ce)rrecstie)n 
faeste)rs: Correestions in wateT rate at full load for varying initial pressures; 
200 lb. eleduct 5 per cent; 175 lb. eleduct 3 per cent; 150 lb. (“ standard,^' 
no correctiem) ; 125 lb. add 5 per cent; 100 lb. add 8 pesr cent; 75 lb. add 
12 per cent. 


Example 36. — A singles-cylineier, singlet-valve, ne)n-esondensing counter- 
flow engine gave the following retsults under test conditions: Initial gage 
pressure, 100 lb. per sep in.; initial quality, 99 per esenit; atmospheric 
exhaust; water rate at rated load 30 lb. per i.hp-hr. Calculate the water 
rate under guaranteed conditions of 150 lb. initial pr(‘ssure and dry steam, 
assuming that a reduced Rankinc cycle efficiency of 10 per cent at the 
higher pressure was agresesd upon. 

Solution. -Actual Rankine cycle efficiency, equation (143) 


2547 

W^Hl- II n) 


2547 

30 (1180 - 1030) 


0.566. 


The values for Hi and //„ corresponding to 100 lb. pressure' and atmos- 
pheric exhaust may be conveniently take'n from the Mollicn* diagram. 
Rankine cycle efficiency at 150 lb. pressures, as per agreement. 

= 0.566 — 10 per cent of 0.566, or 0.51 approximately. 
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Wat(;r rate at 150 lb. picssnrp and dry steam may be calculated from 
equation (143), by substitnlirif; E = 0,51 (as per preceding calculation), 
Hi = 1195 (heat c-ontent of diy st(‘am at 150 lb. gage pressure) and = 
101 () (lieat (‘.ont,(ujt at atmosplKuic pr(‘ssur(i after adiabatic ('xpansion 
from initial conditions), thus: 

or,]= 

H' (IJi)5 - lOKi) 

W = 2(S 11). p(M’ i.hp-hr., wa(.(‘r rate under guarantee condition^ 

184. Increasing llotative Speed. — High rotative' spc'ed does not 
ne(*(Nssarily mean high piston spc'ed. An 8-in. by 10-in. engine running 
at 300 r.j).m. has a, iiision sp(‘(‘d of only 500 ft. pe'i* min., whc'Teas a 
3f)-in. by 72-in. Corliss running at 00 r.j).in. has a piston sjieed of 720 ft. 
per min. The' classification “ high sliced ” and “ low spe'ed ” refers 
to rotative speed only, the' fornuT above and the latter below, say 150 
r.l).m. 

On account of tiie j(‘(luction of thermodynamic wastes, a high-speed 
engines should give' tJie'ore'tically a higher elhciency than the same engine 
at a lower spe'e'd, all otlie'r ce)nelitions be'ing the same'. The effe(‘4 of 
spc'e'el \ii)on (‘cone)iny is de'cide'dly marke'el in e'ligine's anel pumps taking 
steam full stroke. Koi- ('xainple', tests of a 12-in. by 7 1/4-in. by 12-in. 
simplex direct-acting ste'ani ])ump at Armour Institute of Technology 
showe'd a st,e'!im consumption of 300 lb. ix'i* i.hp-hr. at 10 strokes per 
minute, anel only 99 lb. at 100 st rokes per minute. 

Tests of engines using ste'am e‘X]iansive4y, lie)\ve'ver, do not furnish con- 
clusive evidence on this point, se)me showing a de'cidc'd gain (Peabody, 

Therinodynainics,” ]). 425), othe'rs little or no gain (Barms, p]ngine 
Tests,” p. 2()()). Ee)i’ exam])le, a small Willans engine showed an increase 
in ecoiiemiy of 20 per cent on increasing the rotative sjK'ed from 111 to 
408 r.p.ni. (Peabody, ‘‘ The'rmodynamics,” p. 402), whereas the com- 
pound locomotive al the Louisiana Purchase Exposition showed a loss in 
economy for tlu' higher spc'c'ds (Publication by the Pc'nnsylvania Railroad 
Comj)any). On th(' other hand, a comparison of the jx'rforinances of high- 
and low-spt'('d Coi liss engiiu's shows little diff('rence in economy, and a 
general comparison betwc'en high- and low-sp*eed engines furnishes little 
information, since iK'arly all high-speed engine's arc of a different class 
from the low-sp('('d one's. High-si)eed engines are comparatively small 
in size, re'eiuire large'r (de'araiice ve)lume', anel are^ usually fitteel with a 
single valve'. Rotative' si)e'eel is liinite'el by ele'sign, material, workman- 
ship, anel cost of subs('f|ue'nt mainte'iiance. Speeds of 000 r.p.m. anel 
more are not unusual with single-acting engines, whereas 300 r.p.m. is 
about the limit for double-acting machines with strokes over 12 in. in 
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length. A comparison of iosts of high-spc'od ami lovv-spood oiigiii(‘s in 
this country, irrospectivo of design and const met ion, shows th(‘- [ormer 
to be less econ()mi(;al than the latter in most, eases. In lOiirope, high- 
Spetal engines are develoi)ed to a high degrcH^ of etfici(aicy, a, ml tlu'ir per- 
formances are comi)arable with (he best grade of low-spcM'd (aigines. 

High-speed engines as a class have th(^ advantagf* of l)('ing inorc^ compact 
for a giv(m power, are simple in construction and r(‘hitively low in first 
cost; on the other hand, tlaw are subject to (‘omi)arativ('ly rajnd de- 
preciation, excessive vibration, and are usually l(‘ss (‘cononii(‘al in steam 
consumption. 

185. Decreasing Back Pressures. — In the non-(‘ondensing engine 
the minimum back pressure' is that of the' atnios]rh('r(' (th(‘ St uni})f exhaust- 
ejector type engines exc('pt(‘d), and tlu' back pr(\ssiire in th(' condensing 
type is limited emly by tht' dc'gieM' of vaciniin d('V(‘lop('d in the* e'onelenser. 
If pistems, valves, anel stuffing boxe*s are* (ignt ami the* ste'am [)assagus are 
of ample area, the pe)we‘r de*ve‘loi)e‘el by a. give'n we*ight e)f steam will in- 
crease as the back pre'ssure^ is d(*e*re*as(*d, e r, fe^r a give‘n e)ut})ut, the water 
rate will decrease with the* elee*re'ase* in bae*k ])ressure‘. dlie^ higher the 
ratio of (*xpansie.)n, the* great.e*r will be* the* e*ffe‘ct e)f a give*n variation in 
back pressure. For this r(‘a.se)n, ne)n-e*.e)mle'!ising e*ngim's as a ediiss are 
less influenced 1)}^ variatie)ns in back pre*ssure* than a, re* e'emde'iising e*ngine*s 
by eejuivalent variatiems iTi vacua. Vov a give*!! mea.n e'llVeitive* ])re*ssiire*, 
he)we^ver, the influem*e* is the same in bj)th edasse*s e)!’ se‘i-vie‘e*. With each 
type anel graele* of enigim* and initial st.e*am e’eaiditiems, there is a back 
pressure at which maximum e'cemenny is elfe‘e‘,1.e*d, but this critical point 
e-an only be elete*rmine*d by actual te‘st. Fe>r e*xaniple*, a sjiiall high-speed 
non-conelensing i)iste)n engine* in the* labe)rate)rLe‘s of the* Armenir Institute 
e)f Technole)gy she)we*el a minimum wate*r rate* at a vacuum of 22 in. (re- 
ferred to 30-in. barome*ter) while the best ])(‘rrormance* e)f a small cre)ss- 
compound (k)rliss was (jbtaine*d with a 2()-in. vaemum. Both enigines 
were supplied with saturate*,el steam at an initial i)re*ssuie of 125 lb. abs. 
On the other hand, a small e*xpe‘rime*,nlal e*ngijie‘ ele‘signe*d fe)r high initial 
pressures, vae*>uum, anel siipe*rhe*at she)we‘el decieasing WLiter rates up to 
the maximum vacuum obtainable, 28. t) in. (See Tables ()2.) Back pres- 
sures effecting minimum wilter rate's are ne)t nece'ssarily the most e'conemii- 
cal from an overall vStanelx)e)int, because* the he*at e)f the liepiid at e^xhaust 
and the steam equivalent of the pe)we*r i‘eepure*d to produce the* vacuum, 
to say nothing of the additie)nal fixe*d and operating eiiarges, have not 
b(*en conside^red. If the conde*nsate is elise-hargeel te) waste, the water 
rate* (neglecting fixeel and opeu'ating erharge*s for the* ce)mle*nse‘r e*qujpnje*nt) 
is a true measure of the heat ecejnomy, but if the he^at of the* e'xhaust is 
reclaimable the point of minimum heat consumption is not necessarily 
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coinci(l('nt with that of th(i iiiiiiiiimin water rat(\ This is clearly shown 
by the curv(\s in P^ip;. 252, which, though strictly a]:)plicablc to a specific 
cas(5, are (characteristic of counb'rflow engines in g(‘ncral. Referring to 
P^ig. 252 it will be seen that l.htc minhmnn water rate corresponds to a 
vacuum of 28 in. but th(c iK‘i heat supplh^d per unit, output corresponds 
to a 21 -in. vacuum. If th(c steam ecpiivalent of the power required to 
operate the condenser equipnamt were d(Hhicted from th(^ water rate or 
net heat supplied, the point of most economical performance W(3ulld 
probably be at a still lower vacuum. Enginccs under 200 h]). rated ca- 
paccity are schlom ojMM’ated (condensing, because th(‘ cost, fixed and opera- 
ting, of prodiKcing th(‘ vacuinu usually exc(^(Hls th(c gain in heat economy. 



Where there is a large demand for exhaust steam for heating or other 
industrial puri)oses, the engines are generally of the non-condensing type; 
but wh(n*(i only a portion of the exhaust is required, the compound condens- 
ing engine is often the better investment. In the latter case, steam for 
heating is bkal from the n'ceiver. Single-e 3 dinder (condensing engines 
may be bled at any point during the forward stroke, but this is not com- 
mon practic(c Ixccause of the added complication of the ble('der control, 
(See paragra})h 212.) The reduction in water rate, luiglecting the weight 
of steam riMpiired to i)roduce the vataium, which may range fnnn 1 to 10 
per cent of the main engiiu^ steam, varu'S with the type and size of engine 
load, reduction in back i)rcssiire, and initial steam conditions. Some idea 
of the inlluencc of condensing on the water rate of small counterflow 
reciprocating engines may be gained from the data in Table 59. The 
curves in Tig. 271 show the performance of the iinifto^ ew^me 

jojA )>)o.se in Tig. 267 show 

th.- co.np...at.ivc- ii-suits ui large cross-compound counterflow engines. 
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Corrections for back pressures may be made in a manner similar to 
those for initial pressures, as discussed in i)araji:rapli 183. 

A manufacturer of a well-known line o\‘ higli-spe(^d four-cycle non- 
condensing engines gives the following correction factors for increasing 
back pressures: 

Corrections for Increased Back Pressures at Full Load. Add to the 
water rat(^ for each 1 lb. back ijressure abov(^ atmosphere; 1 per cent at 
200 lb. initial pressure; 1 1/4 j)er cent at 175 lb.; I 1/2 per cent at 150 
lb.; 2 par cent at 125 lb.; 2 1/2 per cent at 100 11).; and 3 p('r cent at 75 
lb. 

Example 37. — A manufacturer of a line of simple Corliss engines 
guaranteed a water rate of IS lb. per i.hi)-hi‘. at ratcnl load for initial 
gage pressure of 125 lb. p(‘r s(i. in., dry stc'ani at admission, and vacuum 
of 20 in., referred to 30-in. bWonu'ter. If tlu^ best vacuum obtainable 
under test conditions is 24 in., what would be the water rate in order to 
meet the guarantee? An incr(‘ase of 5 jx‘r c(']it in Rankine cycle effi- 
ciency was agrcied upon for the reduced vacuum. 

Solution. — From steam tables, the initial heat content at 125 lb. gage 
pressure is found to be 1192.2 B.t.u. per lb. From the Mollier diagram, 
or b}'^ calculation, tlie hc'at content at the end of adiabatic (expansion to a 
2()-in. vacuum is found to be 921 B.t.u. per lb. Substituting these values 
in equation (143), noting that W = 18, and solving for E, we have 

E = 2547 -r- 18 (1192.2 — 921) = 0.523, Rankine cycle efficiency under 
guarantee conditions. 

Rankine cycle ratio at 24-in. vacuum by agreement = 0.523 + .05 X 
0.523 = 0.55 approx. 

Substituting this value for E in equation (M3) and 954 = Ll^ for the 
final heat content corresponding to a 24-in. vacaumi, we havc^ 

0.55 = 2547 IF (1192.2 - 954) 

IF = 19.5 lb. per i.hp-hr. 

186 . Superheating. — The theoretical gain du(‘ to the use of super- 
heat is comparatively small, as will be seen from Tabk* 00. Considering 
the additional expense of equipnumt and maintenance of superheating 
apparatus the ultimahi gain would appear to be a negative quantity. 
Practically, however, the heat economy of the piston engine is greatly 
increased by superheating? This apparent anomaly is due to the fact 
that the theoretical engine is assumed to operate in a non-conducting cycle 
and no condensation takes place except in doing work, whereas in the 
actual mechanism the cylinder is far from being non-conducting and con- 
siderable initial condensation takes place. The reduction of cylinder con- 
densation due to the use of superheated steam is the principal reason for 
the marked gain in economy of the actual engine. The greater th(! cylinder 
condensation, the larger is the saving possible. As a rough approximation. 
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tho consumption is nuluced iil)oiit 1 per cent for every 10 deg. 

falir. incr(‘as(‘ in superheat,, but. the iictual value* depends upon the type 
and size of engine* aiiel the* initial c.oTidition of the* steam. In Anie*rican 
prae-tie-e* supe‘rhe‘at e'e)ne'spon(ling te) a ted.al steam te'inperature of 000 to 
(>50 elc'g. fahi'. api)e*ars to be* the* limit e)r e*e)iiime*rcial e*conomy, but in 
p]ure)pe* te*m|)e‘iat ure's as high as Hot) d(‘g. fahr. have* be*en employed with 
apj)are‘nt ultniiate*, ece)ne)iny 


'rAI^LK r/j 
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A few typical i)erfonnance curves showing the influence of superheat 
on different types of counterflow engines are shown in Figs. 253 to 256, 
See Fig. 262 for influence of initial superheat on the performance of a 
uniflow engine. 


Dfiffrcea of Superheat, Fahr. 

?4.3 I)3.H 106.8 115.07 133 



60 80 100 120 140 160 TlBO 200 220 240 260 280 300 

Indicated Horsepower i 


Fia. 255. Comparative Wal.er Ratos of a Corliss and a Poppet Four- valve, 
Ilijrh-spocd Kiigin€‘. 

187 . Jacketing. — A few years ago it was conirnon practice to make 
the walls of the cylinder double and fill the space with steam at boiler 


Indicated Horsepower 



25 50 76 100 126 

Percent. Load on Engine 


Fig. 256. Influence of Superheat on the Water Rate of a 16-in. by 22-in. 

“ Ideal ” Corliss Engine. 

pressure. In some d(\signs the cylinder heads were also jacketed. The 
function of the jacket is to reduce cylinder condensation with a view of 
reducing the surfitce losses. With certain types of engines there are 
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conditions under which the net heat supplied p(T unit output is less with 
the jackets in commission than when operating without them, while with 
others there is little or no improvement. Th(' larger’ the area of inner 
surfaces exposed to the action of the w’^orking stc'am, tlu' greater will be 
the benefits from jacketing. Increased speed, low('»- ratios of expansion, 
and larger units tend to reduce the sui’face losses and hence the effects 
of jacketing. High speed dampens the temperature liuctuation of the 


TABLE 01 


TERKOKMANCE OF AN EXrERIMENT\L QC ADRTTPLE-KXPANSION PISTON ENGINE WITH 
HIGH INITIAL TEMPEKATI RES, .Sl’PEllHEAT, AND INTERMEDIATE SUPERHEATING 


(Zeit tl. Vor (Icul Inpi , July 2, 1921, p 71S) 


• 

IT I*. (\vl. 

1 [*. (M 

(1) 

I.P. CM 
(2) ■ 

L 

.P. Cy\. 

Cylinder, diain. in 

r, 3 

1) 5 

11 2 


20 8 

Stroke, in. . 

1") 7 

15 7 

23 0 


23 0 

Initial pressure, lb. abs. 

703 S 

240 1) 

57 3 


11 3 

Initial .superheat, d(‘g. fahr. 

81.5 

50S 

53(> 


430 

Exhaust temperature, dejj; falir. . 

.572 

305 

212 
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301.3 

58 1) 
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27 7 

30 7 


47.7 
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Combined heat eonsuinjition, B.t u. per 




1 


i.hp-hr 

811)7 

CombiiK'd thermal 




('ff., pf'i- cent 


31 


walls, low ratios of expansion increase the mvixn wall temperature, and 
the larger sizes have a higher ratio of volume l,o surface. For this reason 
large, high-speed, heavily loaded (mgines show the l(\ast gain from jacket- 
ing. Jacketing has the greatest effect in low-jiressure cylindcTs, since 
the surface losses, temperature gradient, and the ratio by weight of jacket 
to working steam, are large. Tests conducted on triple-expansion engines 
with a view of ascertaining the influence of jacketing show that there is 
no gain in the high-pressure, very little in the intermediate, but a large 
gain in the low-pressure (lylinders. Head jackets are usually more effec- 
tive than cylinder jackets. In this country, jackets are seldom used 
except in connection with triple-expansion counterflow and single-cylinder 
uniflow engines, because better results may be obtained by initial super- 
heating. ‘ A revival of the steam jacket for small single-cylinder counter- 
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flow CTip;iTi('s h:iK boon liy the Pmsser “ Hifi:h-oconomy ” engine 

in whioh t]i(‘ oylindor, h(‘ads, piston, ])orts, and valve chest are all jacketed 
with live; steam. Figun' 2n7 shows a longitudinal and Fig. 258 a trans- 



ti 

Fkj. 257. Loiif^iludinjil Section tliroiij^li (VlmdcT of Prosser 
“ Iliftli-economy ” Eiij»;me. 


vers(' scHdion tluough th(‘ cylinder of this (‘iigiiio. Two i)lain steam- 
tight ])iston valves control the admission and tlu^ ('xhaiist , each operated 



Fig. 258. Prosser “ Hip;li-eeonoiny ” 
Engine — Transverse 8eetion t hrough 
Cylinder. 


by its own (‘ccentric*, on the engine 
shaft. Ill oth(‘r r(*spects the' engine 
(lifTers but litth' from any low-clear- 
anc(' high-s])eed automatic engine. 
Some idea of th(‘ (exceptional economy 
of this d(‘sign may be gained from 
the curves in Fig. 259 which were 
plotted from tests conductc'd at 
Purdue University on an expcn’iiiKmtal 
engine which was far from being 
mechanic, ally cori'oct . Recent t(\sts 
on commercial units built by the 
Chandler and Taylor Ck). have shown 
much better results, equaling if not 
surpassing the performance of uniflow 
engines of the same size and speed 


and for the same steam conditions. For influence of jackets on the 


w^ater rate of uniflow (mgines, see Fig. 262. 


188 . Receiver Rehoaters: Intermediate Reheating. — The receivers 


between the cylinders of multi-expansion engin(\s are frequently equipped 
with heating coils, the function of which is to superheat the exhaust 
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steam before delivering it to the cylinder iniin(*di:il(‘ly following, with a 
view of reducing the losses occasioned by cylindei- condensation. The 
coils arc supplied with live steam under boil(‘r picssure and may serve to 
evaporate a portion of the moisture or to actually siiiKaheat th(‘ steam 
supjdied to the following cylinckn . Th(‘ (piestioii of Hk' propriety of using 
reheaters for saturated steam is an opcni one, sinc(' i-elial)l(‘ data relative 
to their us(^ are meager and discoidant. The conditions iiiuh'r whicdi 



the few recorded tests wc're made ar(' too divej’se to warraiit definih^ 
conclusions. Some' show an a])preciable gain in economy, others a de- 
cided loss. A reh('ater is of little value in improving th(' thermodynamic 
action of the (nigine, and is probably a. loss unless it pi'odiices a su]Kn‘heat 
of at least 30 d('g. Fahr.; 1o be fully (effective' it should sui)erheat abov(^ 
K)0 deg. fahr. (L. S. Marks, Trani 25-500.) The efh'ctive- 

ness of the reheater will evidently b(‘ incri‘as(‘(l by tlu^ removal of the 
greater portion of the moislun^ Irom the (‘xhanst sb‘am l)efore it enters 
the receiver. In the 5500-lip. engiin* at the Waterside Station in New 
York, it was shown that, both jack(‘ts and n‘h(‘at('rs, (atla'i- together or 
alone, were pj'actically valueless, throughout th(‘ working ranges of load. 
{Power j July, 1001, ]). 424.) Many similar c.ases may b(‘ cited which 
show no gain in economy with the us(‘ of the j*eh(\‘iters. In all cases the 
reheater effects a gi’cat rc'duction in th(' condc'usation in the low-pressure 
cylinders, but the resulting gain, consid(‘n’ng th(' corukmsation in the 
reheater coils, may Ix' little, if any. On th(^ otluM* hand, with properly 
proportioned rehf'aters, the gain may be coTjsiderabh', particularly with 
superheated steam. Practically all Europc'an engine's operating with 
highly superheated steam are equipperl with receiver-r(tieat(as. Some 
idea of the exceptional economy effected with high initial pressure and 
intermediate superheating may be gained from the data in Tables 61 
and 62. The values in Table 62 are based upon tests of a 11.1 -in. and 
26.5-in. diameter by 23.4-in. strokes tandem-compound experimental 
engine {Zeit. d, Ver, deut, Ingr.j July 2, 1921). As pressures advance, 
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the reheating cycle becomes more advantageous, as is evidenced by the 
latest st(‘,am-turbiji(^ projects in which initial pressures of 1200 lb. per 
sq. in. are contemplated with rehc^ating between th(^ high- and low-pres- 
sure units. In tlui kx^omobile ty[)es of engimi plant, the intermt^diate 
reheating is effect'd by h(\'iting (‘oils placed in the path of the furnace 
gases, and, in th(' latest steam-turbine plant, superhe^aters of the duplex 
type are to Ix' employcxl for r(‘li(‘ating i)urposes. 

In ti‘ipl(M^x]xuisi(ni pinn})ing c‘ngin(\s, recxnver-reheaters are found to 
effect an a])pr(‘cial)l(‘ gain in economy, and practically all such (uigines 
ar(‘ (‘qliippcxl with 1h('ni. In electric power pliuits where the load is 
a wid(dy tlucluatiiig oth', the ndic^atcu' has been virtually abandoned. 
Apart from th(‘ (‘onsidc'ration of bud e(‘,onomy, all tests show a marked 
increase! in th(‘ indicaU'd ])ewer of the low-pressure cylinder (5 to 15 per 
cent) and to that (!xt(‘nt it increases the *cai)acity of the entire engine. 

189. CoiTipouiidiiig. — If the (uitire ('xpansion, inste^ad of being 
effected in a single! (!yliud(‘r, is allowe'.el to take place in two or more cydin- 
deTS, the* engiTie is said to be “ compounded.’' The! term compound " 
without epialification, howe!ver, reders only to the two-cylinder arrange- 
ment. If (!xpansion tfikes place in three stagevs (he! ejigine* is knowm as a 
triple'-expansion (Migine!; similarly, the four-stage machine is called a 
quadrui)le'-exi)ansie)n engine!. Whem high-pr(!ssure steam is admitted 
into a single* enigine of the* ordinary denible-flow type and expansion is 
carried down to a comparatively low point, a large portion is condensed 
by the metal surfa(!es; at the end of the! stroke and during exhaust, some 
of th(! wate'r is re-evaporat(*d, but the steam so formed is discharged 
without doing use'ful work. If the same weight of steam is expanded 
through the* same i)ressiire* range! in a multi-expansion engine, the tem- 
perature range in e‘ach cylinder will be less, initial condensation will be 
reduced, and part of the heat lost in the first cylinder by leakage and 
cleai ance will do work in the second cylinder, and so on throughout each 
stage. The higher the temperature range the more pronounced will be 
the thermal e'conomy effected by compounding. The number of stages 
is limited (!ommercially because? of the first cost, complexity, cost of lubri- 
cation, attendance*, and maintenance. 

Cylinder ratios for high-speed, single-valve?, compound engines vary 
from about 1 to 2 1 /2 with 100 lb. pressure to about 1 to 3 with a pressure 
of 150 lb., and for low-speed condensing engines from 1 to 3 with 125 lb. 
pressure to about 1 to 4 with a pressure of 175 lb. G. I. Rockwood recom- 
mends a ratio as high as 1 to 7, and a number of engines designed along 
this line have shown exceptional economy. For variable-load operation, 
two stages appear to give* the best ultimate economy. In case of very 
large condensing engines, the last stage consists of two cylinders because 
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of the unwieldy and costly size of a single unit. For constant loads, as 
in pumping stations and large marine installations, three and four stages 
appear to be th(j best investiiK'iit. The ratio of expansion for a multi- 
expansion engine is th(^ ratio of the volume at release in the low-pressure 
to that at cut-off in the high-j)ressare cylinder, (^wnmercaally, it is usually 
taken to be the ratio of the voliiim^ of large to small cylinder divided by 
the fraction of th(' stroke at cut-off in tlu' high-])ressure cylinder. For 
example, a comi)ound engine with cylindeis 24-in., 48-in. by 48-in., cut- 
ting off at 1/3 in the high-j)r(\ssiiie cylinder, has a nominal ratio of expan- 
sion of 4 1/3 = 12. The Tiiimb('r of (\xpansions at rated load in multi- 

expansion condensing engines varies widely, ranging from 10 to 33, with 
an average' not far from 10. 


^rAHLE 02 


TANDEM-COMPOUND ENOINE, OPEHATINO WITH SIH’EIUIEATED STEAM AND INTER- 
STAOE SUrEHHlGATIN(J, MTTII LAUOE HATH) OF EXPANSION IN L.P. CYLINDER 


Diito of 'J’ost 

Mar. 9, 
1921 

Fob 2.-5, 
1921 

Mar. 2, 
1921 

Apr. 2, 
1921 

R(*volutions p(U' minut(‘ . . . 

MO.O 

14.5 () 

145.2 

145.6 

M(vin offectivo piessiirc, li.p. cyl., Ib 

17 1 

19.2 

10 1 

10.1 

Mcjiii (effect i VC pr(',ssure, l.j). cvl., Ib. .. 

,5.45 

5 H 

5.38 

5.26 

Indic-atocl horsepower, li.p. cvl. 

50 2 

5:f .3 

51.0 

52.3 

Indicated horsepower, !.[). cyl.. 

,52 2 

40 0 

51.0 

50.1 

Total indie, at ( m 1 hors(‘pow(T . 

102 2 

102 3 

102 0 

102.4 

Initial steam fircssnrc*, lb. abs. 

110 2 

no 2 

117 6 

122 0 

Pnjssure (Uitering 1 p. cvl., lb. abs. 

13 0 

H) 1 

18.3 

19.8 

Vaciaini, inches of meicury 

2S 3 

20 5 

20 0 

25.6 

Initial steam temperat me, deg. falir. 

OOS 

000 

017 

581 

Final steam temp , h.p, cyl., deg. fahr 

200 

2()8 

203 

208 

Initial steam temp , l.p. cyl , deg fahr 

413 

413 

428 

425 

Hourly total steam coiisuinj)! ion, lb 

815 1 

8S4 4 

.805 4 

016.3 

Stcuun consumption pci i bp-hi.. 

7.08 

8 01 

8 73 

8 93 

Total heat consurniition per i.hf)-hr., Il.t.n 

11,175 

12,078 

12,230 

12,414 

RankiiK^ efficiency, h.p. cyl., per c(‘iit 

78 

81 2 

78 5 

82 3 

Rankinc efficiency, l.p. cyl , per cent 

80 

81 2 

8.5.0 

81.8 

Rankine efficiency of ('iiginc, jut cent 

,S0 

83 

84 

84.2 


The respective advantages and disadvantages of compounding may be 
tabulated as follows: 


Advantages 

1. Possibility of high range of expansion. 

2. Decreased cylinder condensation. 

3. Decreased clearance and leakage losses. 

4. Equalized (Tank effort. 

5. Increased economy in steam con- 

Bufnption. 


Disadvantages 

1. Increased first cost due to multipli- 

cation of parts. 

2. Increased bulk. 

3. Increased complexity. 

4. Increased wear and tear. 

5. Increased radiation loss. 



410 


STEAM POWER PLANT ENGINEERING 


190. Unlflow Cylinders. — By placing the exhaust ports midway of 
the length of th(i cylinder, as shown in Fig. 2G0, the steam will be forced 
to flow through the cylindcT in one dire(;tion only. Combining this feature 
with high-gi'ad(^ stc'am-tight inlc't valves, minimum ck^arance volume, and 
steam -jacketed heads, w(‘ hav(‘ th(' principle characteristics of the modern 
uniflow engine^, which, b(^caus(i of its nemarkable heat ettonomy, is rapidly 

suj)planting the counterflow 
type for practic.ally all classes 
of service whc'ix' low watxu’ rates 
are important factors. As will 
be se(‘n from P'ig. 2()0, tlu^ 
(l()uble-a(;ting straight uniflow 
cngiiue has two st('ani valves, 
onV at each end for admission 
of steam only, and no exhaust 
valves, the j)iston itself p(‘rfonn- 
ing this function. The piston is long, practically t)/10 of the stroke, 
and th(^ cylinder’ rhercefon' is longcT than that of a counterflow engine 
of th(' sariK^ diani(‘t(u- and stroke. The exhaust ports have an a-rc'a 
approxiinat(‘ly three tim(\s that of any oth(u* tyjx^ of engine^, so that 
wire diawing is rcducxh to a minimum. Steam (‘liters 1h('. cylinder 



Fui. 260. Prinrii>t'.s of the Uniflow (Vlinder. 




Fig. 261. Comparison of Indicator C^'irds for tfie Same Load and 
Steam Conditions. 


after it has passed through the head jackt't, forc(‘s th(' piston to the end 
of its stroke, and discharges through the c(‘ntral exhaust ports. Due to 
the jacketing (Tf(‘ct there is little or no change' of tem])erature in the 
cylinder up to cut-off, after which exfiansion takt's place with a consequent 
drop in temperature. This drop in temperature continues until exhaust 
takes place. Th(' exhaust do(\s not sweep over the cylinder head and 
other surfaces at the ink't end as in the counterflow" engine; hence the 
surfaces are not cooled to the same extent. When the piston uncovers 
the ports, any water of condensation is quickly swept from the cylinder, 
and the steam trapped in the cylinder at the beginning of the return stroke 
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is practically dry. The heat of compression is therefore not absorbed in 
re-evaporating; moisture as in tlu* case of the counterflow cylinder, but is 
imparted to the steam, so that with the added lu'at from tlu' heat jacket 
the compressor line is substantially adiabatic. This reduction of the 
surface losses enables a single uiiiflow cylinder to opcM’ate with as high a 
degree of expansion as comjiound or triple expansion counterflow cylinders, 
and with the same or even better heat economy. See Tig. 2(31. Head 
jackets arc essential under all conditions of steam, but cylinder jackets 
arc seldom us(hI exc(‘pt with saturated or slightly superheated steam at 
low mean efh^ctive pressures. The influence of cyliruh'r jackets on the 
performance of a condensing uni flow engine at varying steam tempera- 



Fig. 262 . Influence of Cylinder jLichcts on the Water Rate of a Uniflow Engine 

with Varying Siiperlu^at. 

tures is shown in Fig. 202, It will be seen that the value of the cylinder 
jacket decreas(\s with the inen^ase in suj)crheat< and mean effective pres- 
sure and eventually results in an actual h(‘at, loss. 

The cominession in the straight uniflow cylinder begins at about 10 
per cent and continues during the remaining 90 per ccuit of the return 
stroke. The Ijciginning of compression is fixed and cannot be altered. 
The final prc'ssure depends therefore entirely upon the amount of clearance 
space into which the steam is compressed and the pressure at the begin- 
ning of compression. For maximum economy, compression should be 
carried to practically initial pressure; therefore, an engine designed for 
200 lb. pressure would not operate satisfactorily if the pressure were re- 
duced to 150 lb. for the reason that the amount of compression is constant 
with fixed clearance volume and exhaust pressure. The straight uniflow 
engine is primarily intended for condensing service, because the weight 
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of steam entrapped at the })eginninK of compression at low condenser 
pressure is so small that the final pressure at the end of compression is 
less than the initial, even with minimum prac^tical clearance. When, 
however, the uniflow enp;in(' is n^qiiin'd to operates non-condensiriR or with 
high back prevssure, the prc'ssiire at the end of (;ompression becomes excess- 
ive unless provision is made foi* pnwentiiig it from doing so. Excess- 
ive compression may be pi-evented by increasing th(' clearance volume, 
delaying the beginning of com])r(‘ssion througli the use of auxiliary ports, 
and by withdrawing a i)orti(m of the steam wlicm a ceitain predet(M’mined 
pressure is reached. Ap])lications of thevse principles to various designs 
of American uniflow (nigiiu‘s, together with jM'rformancc data, will be 
found in paragraph 197. 

191. Binary Vapors. — Tlu^ efficiency of any heat engine may be 
increased by (extending the range of heat availability of the working 
fluid. In practice', the' ranges is limited l)y the pressure-temperature 
relationship of the we)rking fluiel. For e'ach fluid there' is a [m'ssure anel 
temperature range l)eyond which it is imprae*tical f-o ge), because of the 
physicial limitations of the materials emple)ye'd in geneiating heat at the 
highe'r le'.v(‘l, anel of the physi(*al pro])ertie's e)f the^ w'orking fluid and cool- 
ing media at the lower le've'l. Mere*ury, fe)r ('xample', boils under atmos- 
pheric pn^ssure at 077 deg. fahr., and unele'r a vacuum of 28 in. at 455 
deg. fahr. The^ ce)rresponeling temperatures for water are 212 de^g. fahr. 
and 101 d('g. fahr. respectively, and for me'thyl alejohol 151 deg. fahr., 
and 50 deg. fahr. respee-tively. By emplo.ying, say, three cylinders, each 
operating through a cennplete* cyede with a eliffenent fluid, anel (‘.onnected 
in such a manner that the coiidemser for the first fluid is the boiler for the 
Lsecond, and so on, high thermal efficienci(*s may ))e eff(',cted with com- 
paratively low pressure ranges. The earliest attempts were made with 
steam as the high-temperature fluid and ether or sulphur dioxide as the 
low-temiperature fluid. While remarkable results were obtained from 
this combination compared with those of the steam engine of that day, 
they were no better than the performance of the modern high-grade 
uniflow engine. Binary vapor engines of this class are not found in 
modern practice, because the added complexif y of the plant and increased 
first cost offset any f hernial gain except possibly in connection with the 
poorest design of steam engine. 

An experimental binary-vapor plant, designed by W. L. R. Emmet, in 
which mercury is used for the high-ternperature and steam for the low- 
temperature stage, gives promise of high commercial heat economy, but 
sufficient data are not available to show whether or not this combination 
unit can compete successfully with the modern single-vapor plant. 
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hinary^vapor Ertgines: Jour. Frank. Inst., June, 1903; Elcc. World and Engrg. Aug. 
10, 1901; Engineer, U. S., Aug. 1, 1903; Sibley Jour, of Engrg., March, 1902. 

7^he Etnmei Mcrcury-aieatn Plant: Power, Aug. 3, 1920, p. 107. Power Plant Engrg., 
Jan. 1, 1924, p. 97; Mech. Engrg., March, 1924, p. 235. 

192. High-Speed Single-valve Simple Engines. — This style of engine is 
made in sizes varying from 10 to 500 hp. The cylinder dimensions vary 
from 4-in. by 5-in. to 24-in. by 24-in. and the rotative speed from 400 
to 175 r.p.m. 

Wh(in ground is limited or costly and a large percentage of the exhaust 
steam is necessary for heating or manufacturing purposes, the high-speed 
non-condensing engine is suitable for hors(*powers of 200 or less, being 
compar;t, simple in construction and operation, and low in first cost. For 
sizes larg(ir than this, tlui compound or uniflow engine may prov(^ a better 
investment, c^xet^pt whc^rc^ find 'is very cheap or large quantities of exhaust 
steam are to be used for manufacturing purposes during the greater part 
of the yc'.ar. 

Small high-speed (mgines arc seldom operated condensing, since the 
gain due to reduction of back pj*(issui‘e is more than offset by the extra 
cost of the condemser and appurt,(Miauces. 

Engines are ordinarily ratrvl at about 75 per cent of their maximum 
output. For example, a 12-in. by 12-in. non-condensing engine running 
at 300 r.p.m. with initial steam pressure of 80 lb. i)er srp in. gage is nor- 
mally rated at 70 hp., though it is capable of developing 90 hp. at the 
same speed. 

The st(uim consumption of high-speed single-valve non -condensing 
engines at full load rang(\s from 20 to 50 lb. per i.hp-hr., depending upon 
the size of the unit and the conditions of oi)evation. An average for good 
practice is not far from 30 lb. With superhe^ated steam a steam con- 
sumption as low as 18 lb. p('T hp-hr. has been rc^corded. 

Figure 263 shows the steam consumption of a number of single-valve 
high-speed engines at various loads. The steam c.onsumption is fairly 
constant from 50 per cent of the rated load to 25 per cent overload, but 
for lighter loads the economy drops off rapidly. The desirability of 
operating the engine near its rated load is at onc(^ apparent. The curves 
show a marked economy in favor of the larger cylinders, but the engines 
are not of the same make, and the conditions of operation are somewhat 
different. 

The most economical cut-off for a simple engine, for the steam condi- 
tions usually employed, is about one-third to one-fourth stroke when 
running non -condensing, and about one-sixth when running condensing. 

While much higher performances are recorded for well-designed high- 
speed sifigle-valve engines, it is not advisable to count on a better satura- 
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ted steam consumption foi' this type than 30 i,o a.') 11). of steam per i.hp-hr. 
for initial pressure of 100 lb. ^a^e or l(\ss. 

The curves in Eip;. 204 th(' ])eri()rinaiic(' of :i inodc'rn, hip;]) -grade, 
uiijacketed, 15-in. by 1 high-sp(‘ed, siTigl(‘-valv(', simple, non-con- 
densing engine at various ratings. It is not likely that this type and 
size of enghui can b(^ dc'signed to better matmially the r('sults shown in 
the curves for tli(‘ givcm conditions. 

In (jctierdly when the rcquircnioils for exhaust steam are in excess of the 
steam cotisuiuption of a srm])le non-condensinq engine^ a high-ifrade econom- 
ical engine is ir it ho at purjiose. 

193. High-speed Multi-valve Simple Engines. — Th(' steam distribution 
in a single-valv(i (‘ngin(‘ may giv(‘ good economy for n V(My small 
range in load but may b(^ far fi-om sat.isfacloiy for a wide range. 
This must neci'ssarily be so,* sinc(‘ admission, cut-off, r(4eas(‘, and com- 
pr(‘ssion are all functions of one valve, and any (‘hang(‘ in oik' results in a 
change of the others. To ol)viat(‘ the limitations of t,h(' single* valve*, 
many builelers ele\sigii e*ngin(*s with two e)r meire valve's. With a twe)-valv(i 
engine, e*ut-off is iiide*pende*nt eif the e)the‘r e'vemts, a,nel with fe)ur valve\s all 
e*vents are* inele*])emde*ntly adjustable. In aelelitiein to the* tie*xibility e)f the 
valve gear, tlie* e4iie*f leature* e)f the four-valve e'ugine lie*s in the reelue*4ie)n e)f 
the clearance veilume*, whie*h is made pe)ssi])le by plae*ing the* valves directly 
over thei ports. 44ie valves may be e)f the ce)mme)7i sliele*-valve, e)r e)f the 
rotary type\ As a e^lass, four-valve* engine's are nie)re* eceinenniead than 
those having a small(*r number of valve's. The; aeh^antage's anel elis- 
aelvantage^s e)f the fe)ur-valve*, over the single-valve e‘ngine*s may be tabu- 
lated as bele)w: 

Advanta(;es 

1. Better ,ste:un distrihution. 

2. Better regulation 

3. RediKHHl elearancc; volume 

4. Less valve leakage. 

5 . Better economy. 

The steam consumption of a high-speeel Corliss ne)n-conelensing engine 
at full loael varie's fi'om 2J. to 27 lb. of saturateel ste*am pe*r i.hp-hr. (pres- 
sure 125-140 lb. gage) with an averagt; not far from 25 lb. With moderate 
superhc;at, the water rate may I’un as low as 17 lb. ])(*r i.hp-hr. The 
poppet-valve type appears to l)e mon* economical in stc'am consumption 
than the Corliss, and a water rate for saturat('d steam as low as 18.9 lb. 
per i.hp-hr. has been recorded. A very high d('gree of superheat can be 
used with the poppet-valve type, and watc'r rates as low as 16 lb. per 
i.hp-hr. '(initial pressure 150 Ih. gage, superheat, 250 deg. fahr.) are not 


DlSADVANTAtaOS 

1. lncro:is(‘d number of parts. 

2. Incnjiised first cost,. 

3. R(;(iuires greater attention. 
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unusual. Thn hi^^h-spood four-valve eiip;iiic is usually ojicrated non-con- 
densing. Rankinc cycle (ifficiiuicies over 80 per cent have been realized 
with both saturated and suyxMh('at.e.d steam. An excf'ptional record for a 
condensing unit is reported by Jjentz. With stt'ani a1 ^101 lb. abs. initial 
pressui’e and steam temperature of 1018 deg. fahr., a lOO-hp. Lentz un- 

jack(‘t('d simple engine 
devi^loped an indicated 
h()rs('] lower on a steam 
consumption of 5.07 lb. 
})(‘r hr. 

F'igure 2G5 giv('s a 
eoirijiarison betw('(*n a 
singk'-valve and a four- 
valve (('orliss type) 
high-sp(^(Hl engine, using 
sjitui’ated steam, and 
though the (uigines 
diiT(‘r slightly in size, 
the conditions of opera- 
tion were comparable 
and the marked gain in 
economy of th(^ lattcn* ov(’r the former is apiiarent. Both performances 
are exceptional, and a 10 to 15 per cent gn^ater steam consumption may 
be exyx^cted in average good practice. 

As a general rule, singl('-valv(^ simple engines do not excc'.cd 400 hp. in 
size, whereas 1000 hp. is not an uncommon size for tlu^ multi-valve type. 

194. Medium and Low-speed Multi-valve Simple Engine. — A com- 
parison of tests of high- and low-speed single-valve (mgines irr(\spective 
of design and construction shows the former as a class to b(' less economical 
than the latter. With four-valve engines there is no such disparity, and 
the high-speed type has shown just as good economy as the low-syx'cd class. 

Of the various types of simph', low- or iiKHlium-syieed, four-valve en- 
gines, the popyx't-valve appears to bo the more economical in heat con- 
sumption, but so much depends upon the grade of workmanship that 
general comparisons are ayit to lead to error. A comparison of the steam 
consumption of a high-syxM^d, foui-valve C-orliss and a four-valve poppet 
engine, non-condensing, is shown in Fig. 255. As the size and initial 
pressure are somewhat in favor of the poppet-valve mechanism, the 
results are not strictly comparable, but the exceptional economy of both 
types is apparent from the curves. 

195. Compound Engines. — It should be borne in mind that the 
principal object of compounding is to permit the advantageous use of 
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high pressures and large ratios of expansion, and consequently this type 
of engine need not be considered for pressures lower than 125 lb. per sq. 
in. gage. This does not signify that 125 lb. is the limiting pressure 
for compounding; on the contrary, compound condensing engines with 
initial pressures as low 

as 90 lb. have shown _ s 

better heat economy ^ | \ LXZ 

than simple engines of V 

the same C^LpaCdt^ , but ci 66 — - .Son-CondcnsmuHiifh speec 

the thermal gain for ^ — T^p'r I — I 
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load from 10 to 25 per 

c(mt for non-con(l(msiiig (uigines and from 15 to 40 per cent for con- 
densing engines. C'Onqxnind engines range' in size from the 100-hp. 
tandem, singl(‘-valv(*, {Uitomatic, high-spec'd, non-exmdensing unit to 
multi-valv(‘, cross-coniiiound condensing units of 4000 hp. or morcL Com- 
^ \ fiound engines have 

- SSh 'MALLxJJJoundff f -l 6oen built up to 10,000 
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the uniflow engine are more economical in steam consumption than non- 
condensing steam turbines of the same cap«*uaty; but first cost, size, and 
attendance arc decidcxlly in favor of the turliine, at least for sizes over 
2000 hp. Low rotative speed and revc'rsibility, however, are points in 
favor of the engine, but the former may be offset by the turbine in con- 
nection with suitable reduction gearing. 

With saturated steam under the conditions found in general practice, 
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the water rate of the standard type of sinj^le-valve (compound non-con- 
densing engine ranges from 22 to 27 11). per i.hp-hr. at rated load. Since 
this typ(^ of (‘iigiiKi as ordiTiarily constructed permits of only a moderate 
amount of superheat, th(‘ watc'i- rate with superlj(‘at(Hl steam is seldom 
less than 20 lb. \wr i.lii)-hr. Condensing undei’ a standard vacuum of 
20 in. reduces th(^ water rat(‘ approximately 20 pea- c('nt. 

The four-valve, compound, non-condensing engiix' has a full-load water 
rate, with saturated st,(‘am, ranging from 17 to 22 lb. per i.lip-lir., and 
with su])erheated steam an ('conomy as low as 12 lb. per i.lip-hr. has been 
recordeal. Hankine cy(h' (‘Hici(*nci(‘s as high as S3 per cent for saturated 
steam and 00 per c(‘nt for siipcaheated stcaini, ha\'e Ixaai realized. 

So much dei)ends u])f)n 1h(‘ iiiitial pressure, dc^gn'e of vacuum, and initial 
temperature* that geiK'ral figur(‘s for condcaising practice* arc* without pm- 
pejse. With satui-ated ste‘am the* b(\st p(‘rforjuan(‘(*s aie* in the* neighbor- 
hood of 75 ])(*!• CH'nt of the* IheoreTieal Hankine cycle* e‘fficie*ncy, while, 
with highly siqK'iheate'd ste*am, 85 ])er c(*nt e)f the Hankine* e*ye‘le efficiency 
has been re*aliz(*d. 

196. Triple- and Quadruple-Expansion Engines. — With the exceptiem 
of the vertical tripk*-e*xpansion punifang engine, com])ound (‘ngine^s 
having more* than twe) stages are* obsok*te* se) far as Ame*rie*an practice 
is concerne'd. Theie* is ne) (pie‘stion but that multi-eylinder ce)mpe)und 
engines can be* built whie*h will give ])e*tte‘r water raie*s than the* two- 
cylinder design, in fae;t, the high(*st effici(*ne*y se) far re*cordeil fe)r any 
steam prime* mover is that of a small Schmidt (*xpe*i*ime*ntal e|uadruple- 
expansion engine; but he'at econe)my is only one of the facte)rs (*ntering 
into the total cost of ene'rgy. The* more* e;} linde*js, the* larger will be* the 
unit, the moi’e compk*x the* m(*chanism, and the highe*r the* fiist ce)st and 
cost of mainte*nanc(*. k'or e*k*ctric power g(*neration, the* ste*am turbine 
has Hup(*rsedt*d the* piston engine* for large sizes, anel the* single-cyliiieler 
uniflow and the two-cylindeu' compound coimte*rfle)w have* taken the place 
of the multi-cylinek^r compound for units uneler 4()()() hp. While the 
vertical triple-expansion pumping engine has liedd first place for thirty- 
five years as the ideal pumping engine* fe)i' large wate*r works because of 
its high heat econenny, reliability, and k)w upke(*p, it is being rapidly 
replaced by the turbine-driven, geared, centrifugal i:)unip. The latter 
occupies a cubical space of approximately one-fifth to on(*-sixth that of 
the former and we'ighs about one-tenth as much for the same capacity. 
The reduced first cost of equipment, buildings, and foundations, and the 
saving in space usually ofls(‘t the thermal gain of the reciprocating unit. 
High initial pressures and temperatures with intermediate superheating 
are favorable to the multi-cylinder compound engines, but it is not likely 
that more than tw'o cylind(*rs will be employed in the immediate future. 
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Some idea of the exceptional performances of vertical triple-expansion 
pumping engines may be gained from the data in Table 63, 


^PABLE 63 

rEnFOHMANCE OF TYPICAL TRIPLE-EXPANSION PUMPING P^NGINES 
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T ^'I)o 
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I'lihi 
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B t u. 

1-15^10 

Allis 

IMilwaukoc, \\ is 

12 

124.6 

S:it 

17.5.4 

151 0 

10 82 

5- 2-00 

Allis 

Boston, ]\i:iss 

30 

ISf) 5 


17S 5 

163 9 

10 33 

2- 4-06 

Allis 

St. Louis, Mo 

20 

140 (> 

Sat. 

ISl 3 

15S.S 

10.66 

4-29-10 

Holly 

Albany, N. Y 

12 

ir)3 0 

Sal . 

1S2 1 



3-10-10 

Holly 

Pranklort, Iki 

20 

ISO 2 

Sat . 

1S4 4 



5- 2 -09 

IIollV 

Louis\ill(‘, K> 

24 

l.Y) 1 

109 

19.5 0 

164 5 

9.46 

ll-ir>’lS 

Holly 

C4('vc‘lan(l, (') 

10 

199 3 

102 

201 (> 

169 7 

8.96 

4-23-14 

Holly 

St. Jjouis, Mo. 

20 

i:>9 4 

102 

202.6 

166 7 

9.77* 

10-14-lS 

Allis-C. 

Cleveland, 0. 

20 

206.3 
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211. .5 

1SS.7 

8.89 
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673 0 
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17.7 

30 311 

61 0 

801 5 

747 8 

21.63 

2- 4-Ot) 
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16.5 

20 070 

104.0 

859.2 

8.39 i\ 

20.92 

4-29-1 0 
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22 3 

12 193 

139 5 


726 0 


3- 10 10 

nonV 

20.1 

21 219 

95 7 
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2-09 
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24 111 
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22.54 
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382. 9t 

737.3 

672 7 

21.81 

4-23-11 

Holly 
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1074.9 

21.40* 

10-14r-18 

Allis-C. 

21 0 

20.380 

377 7t 

1417.0 

1343.0 

24.27 


* Water Horsepower Basis. j- Feet.. 


197. The Uniflow Engine. — The uniflow engine is rapidly replacing 
the wasteful singh'-cylinder counttTflow engine and also the compound 
engine which is economical in .steam consumption over a narrow range of 
load only and othtn’wise undesirable, on account of th(3 comparatively large 
amount of floor space that is required for its installation. This type of 
engine adapts itself to the large majority of conditions under which counter- 
flow engines art', ust'd, c^ondmising and non-condensing, high or moderate 
(but not low) steam pressures with or without superheat, high or low 
speed, and belted or dirt'ct connected. Uniflow engines are especially 
well adapted for driving rolling mills, blowing engines, textile mills, and 
crusher plants, in addition to electric -generators where an economical 
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and reliable type of prime mover of moderate size is desired. The uniflow 
engine contains considerable more material than a simple Corliss engine 
of the same power; the eylindcr must be larger in diameter because of the 
low mean effcictivo pressure, and longer because of the extra length of 
piston. Furthermore, for b(\st economy, initial pressures and tempera- 
tures arc considerably higher than those commonly used with the ordinary 
single-cylinder counterflow' engines; hence the first (;ost is 15 to 25 per cent 
greater. The steam consumption, however, is lower than with any 
type of single-cylinder counteiflow engiiK^ and ec^ual to or even better 
than that of the best compound. The water-rate (;urve is flat, thus 
insuring good economy over a wide range in load. The single-cylinder 

count(Tflow engine has 
a normal cut-off at 20 
to 30 per (;ent of the 
stroke, w^hile the uni- 
flow has its best econ- 
omy and is rated at 
a ciut-olf l anging from 
8 to 10 per c(mt; and, 
since the governor 
permits of a cut-off as 
late as 60 to 70 per 
(;ent, it is (ivident that 
heavy overloads may 
be (;arri('d when neces- 
sary. IJniflow engines 
are built with piston, Corliss, or poppet valves, though the great majority 
of American designs have poj)pet valves. 

In basic principle, all American-built uniflow (mgines for condensing 
service an* identical with the standardized Stumpf design and differ only 
in details of governor, cylinder arrangement, and valve construction. For 
non-condensing service, however, the cylinders are usually eejuipped with 
auxiliary exhaust valves or other devices, so as to i)revcnt excessive com- 
pression. The use of th(*se valves tends to neutralize the effect of the 
uniflow principle, but careful tests have demonstrated that non-condens- 
ing engines thus ecpiippi'd show a materially lower water rate than straight 
counterflow engines. A f('w well-known designs will be briefly described 
with a view of bringing out the different methods adopted for preventing 
excessive compression. 

Figure 268 shows a section through the cylinder of aMesta condensing 
uniflow engine, illustrating the true unifiow principle as advocated by 
Prof. J. Stumpf. This particular design is constructed in single-cylinder 



Fig. 268. Mesta Heavy-duty Condensing Unifiow 
Engine. 
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units of 500 to (iOO hp., and twin-cyliiuU'r units up to 1200 hp. The inlet 
valves are of the resilient double-seated poppet-valve type, actuated by a 
non-releasiiif; fi:(^ar. l"hc latter consists of a roller and cam driven by an 
eccentric on a lay shaft. 

Provision for I'el easing 
excessive^ conipi-essioii 
in case the vacuum fails “ 
is effected by two arti- s 
ficial clearance valves, % 
opening into auxiliary 5 
clearance spaces, om' at 5 
each (ind of the cylinder, fc 
Thes(^ valves are auto- S 
matically operated by a 
pilot valve which is con- 
nected to the condenser 
as well as to the live 
steam liiKi. The clear- 
ance valves automatically opc'ii when the vacuum drops, and automatically 
close when the vacuum is r(‘-established. By means of this control of 
clearance, the engini; can be changed from condensing to non-condensing, or 

vice versa, without inter- 
rupting the operation of 
the engine. The heavy 
pistons are of the full 
“floating typo; ” that is, 
they are supported by 
the piston rod which is 
cxt(aided as indicated. 

P^igure 270 shows a 
section through the cyl- 
inder of a “ Universal ” 
uniflow engine intended 
primarily for non-con- 
densing service, but 

Fig. 270. Section through Cylinder of a ' Univorsjil which automatically ad- 
Uniflow Engine. justs itself to condensing 

service, and vice versa, 

should occasion demand. It will be seen from the illustration that in addi- 
tion to the regulation inlet valves and central (^xhaust ports, two auxiliary 
ports are placed between the cylinder heads and the central port, in such 
a manner that compression will not occur until the piston closes these 




Load 


Fid. 261). Pcrforruanco of a Mostii Heavy-duty 
Uniflow hhigiiH'. 
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ports. The auxiliary ports arc opened and closed by luechanically opera- 
ted single-beat poppet valves, which in turn are controllcHl by a valve 



H '/j y, 1 

Load, Per Cent 


Fio. 271. Water Rate of a 21- by 22-iii. ‘ UniversaP* 
Ihiiflow Enjziino. 


gear driven by a sepa- 
rate cc.centric. When 
it is d(\sii’ed to run 
condensing, the ex- 
liaust valv(‘s arc made 
inactive and the engines 
in operation bea!oni('s 
a triK' unitlow (aigine. 
Th(‘ opej ation for non- 
cond('nsing service is 
as follows : Sb^am 
(niters th(' cylinder 


through the doubh'- 


Ix^at inlet valves and is exhaustcnl through the central port in the sairu' man- 


ner as when operating concUmsing. On the rc'turn stroke^ part of the vapor 
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gine. The auxiliary exhaust valves remain of)cii during eompression, but 
since the piston covcm s the port openings there is no escape of steam. C Com- 
pression is controlled sol(‘ly by the location of the auxiliary ports and not 
by the closing of the a\ixiliary valves. The chvuance volume in this 
design is somewhat laig(‘r than if ihcu-e were no auxiliary port openings, 
but the difference' is small. 

In the Murray iKUi-condensing uiiiflow engine, h'ig. 274, the auxiliary 
valves arc; placed at the ends of the cylinder. These valves are mechanic- 
ally operated and may be adjiistc'd so that (*omf)]ession will begin at any 



Fig. 27a. Arnes “ControlIcd-Coinprc\s.sioii” Uniflow Engine. 


predetermined period during the rediirn stroke. It will be seen that, 
during the return sti'okc* of the piston and up to the point when the 
auxiliary valve; close's, the steam e;ycle is piae;tie;ally that e^f a counterflow 
engine. This is true of all uniflow engines e'lnploying auxiliary e;xhaust 
valves at the; ends of the cylinder, but the reduction in economy on this 
account is ve;ry small as is evideneied by actual test results. 

In the Ames “ Controlled-Compression uniflow engine, the auxiliary 
valves are located as shown in Fig. 273. The valves are of the double- 
beat poppet type. 

The Harrisburgh non-condensing uniflow engine, Fig. 274, is of the 
single piston-valve type in whiedi excessive compression is controlled by 
providing dual clearance volume. Steam is expanded from a small 
clearance and discharged through the central exhaust ports in the manner 
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of all uniflow engines. On the return stroke, the steam entrapped by the 
piston is (compressed first into a large eharnber and finally, as the piston 
nears the end of the stroke^, into a small clearance. The? steam which has 
been compressed in the large chamber enters, by automatic action of the 



Fia. 274. liiirrishurgih Dual-Clearance^’ TTniflow Engine. 


valve, the cylinder at the opposite end and, mixing with the expanding 
steam on the return stroke, expands with it and passes out the ccaitral 
ports to th(c exhaust. It will be seen that by this action noiu' of the ex- 
haust vapor is by-passed to w^aste, as is the cease with auxiliary exhaust 
ports. Figure 274 shows the outer edge of the valve opening the port at 
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the head end, thus permitting steam from the auxiliary clearance chambers 
Ey Gy Ey to i)ass into the cylinder and mix with the expanding steam. 
The opposite end of the valve has closed the port and compression occurs 
in the cylinder and cylinder clearance onl3^ 

In the Chuse uiiiflow engine the valves are of the single-beat poppet 
type. The auxiliary exhaust valves for non-condensing operation are also 
of this type. 
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198. The Locomobile. — Although classified under “ steam engines ” 
the term locomobile ” applies to the complete power plant and not to 
the engine only. In Europe this type of jdant has been developed to a 
high degree of efficiency, aiul with very high superheaT, steam consump- 
tions as loAv as 6.95 lb. per i.hi)-hr. have been recorded, corresponding to 
a coal consumption of 0.75 lb. coal per brake hp-hr. Tlie locomobile is 
not much in evidence in Aincnican st('am power plant practice. 

Figure 276 shows a longitudinal section through a ty])ical locomobile 
plant. The entire plant is self-(U)ntained and reiiuires very little floor 
space. The engine, of the coini)ound (‘('iitca- crank type, is set upon the 



boiler with the cylinders jii njecting into the sinoJ^e-box so as to minimize 
j)iping and radiation losses. Steam is generated in an internally fired 
tubular boiler at a pressun^ of 225-275 lb. per sip in. gage and is super- 
heated to a final tenijierature of 6()()-7()0 deg. fain-. Exhaust steam from 
the high-pi'cssuie cylinder is reheated by an auxiliary superheater, ad- 
joining the main superheater, before it enters the low-pressure cylinder. 
The feedwater is heated by an economizer or reluviter placed in the bi'eech- 
ing. The condenser is of the jet type and is provided with a rotary air 
pump. In Europe the locomobile is built in various sizes ranging from 
50 to 2000 hp. 

199 . Rotary Engines. — The rotary engine differs from the recipro- 
cating engine in that the piston, or equivident, rotates about the cylinder 
axis. Its operation is entirely different from that of the stiiam turbine; 
in the rotary engine the static prcissure of the steam actuators the piston, 
and in the turbine the' momentum of the steam is imparted to the rotating 
element. 

Over 2200 patents have been issued to date on rotary engines, but 
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not a sinf^le inachiiie has yet ho(m able to compete with the reciprocating 
engine as n^gards steam e(‘,onomy. The advantages of the rotary engine 
arc many, and for this rc^ason iimumcrahle inventors have been exerting 
their skill in the development of this type of prime mover; but unfortu- 
nately the impracticability of satisfactorily packing the rubbing surfaces 
has nK)re than ofls(^t the advantages, and the commercially successful 
machine is yet to be found. 

The writer has testtnl out various types of rotary steam engines, and 
the best has been but a poor- comiretitor of the ordinary grade of recipro- ^ 
eating mc(;hanism. 

200. Selection of Type. — Modern operating conditions are so diversi- 
fied and at the sanu' lime so s]recialized that the selection of the type of 
piston engine b('.st. suited for a proposed installation is an increasingly 
difficult problem. That (*ngineers are not" agreed as to the best practice 
is evidcmced by the diihncnL types of engines selected for practically 
iflentical opei’ating condilions. CJcneral rules aio without piirjrose, since 
CAivh ])artic-ular’ installation is a pi‘obIem in itsrdf. Floor space, ca])acity, 
rotative speed, cost of fu(d, water rate, steam pressure, water supply, 
load (diaracteristics, exhaust steam reejuirernents, size of foundation, 
vibration, first cost, attendance, and maintenance all govern the selection 
of type. The principal factor governing the size of units is the station 
load curve, or rather, load curves. When these load curves are known, 
the problem is a comparatively simple one, but when they must be as- 
sumed, as is generally the case with a new project, it is largely a matter 
of exi)crience. 

Because of its compactness, low first cost, simplicity, and low main- 
tenance costs, the single-valve, single-cylindca*, high-speed, non-condensing 
engine is usually the better investment in situations where the individual 
units do not exceed, say", 200 hp. and where the larger portion of the 
exhaust can be used for heating or other inirposes. If, however, con- 
siderable quantities of exhaust steam arc discharged to waste, during the 
non-heating season, the single-cylinder, high-speed, four-valve, non-con- 
densing engine, or the non-condensing uniflow with auxiliary exhaust 
valves, or the eipii valent, may be the more e(*,onomical. If the load during 
the non-exhaust-utilizing period is fairly constant and somewhat near its 
economical rating, the four-valve counterflow engine is preferable to the 
uniflow because of its lower first cost and economy in space and founda- 
tion recpiinancnts. If, however, the load fluctiiatcs within wide limits, 
the flat water-rate (‘urve of the imiflow may offset the advantage in first 
cost and space requirements of the four-valve design. Uniflow engine>s 
require massive foundations and this may prove to be a serious objection 
in a small plant. Single-valve, single-cylinder engines, as ordinarily 
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constructed, are not suital)le for steam temperatures over 450 clop;, fahr., 
while standard designs of the uiiitlow ty})e are designed for temperatures 
as high as GOO deg. lahr. Single-cylinder, high-sp(‘('d, count erflow engines 
are seldom operated condensing because the cost of the condensing system 
is excessive compared with the increase in heat ec'onoiny. 

For non-condensing service and for sizes ranging from 200 to 1000 hp., 
the choice lies between th(' single-cyliiuku', low-si)e('d Coiliss, th(^ com- 
pound counterflow, and the siugle-(;ylinder uniflow. For low initial pres- 
sures and where the speed limitations permit, the siin])le Corliss is a 
good selection, but foi' high initial pressures the (!om})oiind counterflow 
and the simple uniflow are much more economical in stc'am consumi)tion. 
The water rate curve of the uniflow is flattra* than calher of the others 
and therefore operates to ad\aintage where the load depai’ts considerably 
from normal rating. The non-releasing Corliss (uigine is basically a low- 
speed machine and therefoj*e retiuires a very heavy and expensive gener- 
ator for direct connected servicui. This calls for additional floor Hjiace 
and foundations and incnu^ascs the sizt^ and cost of the building. F'or 
pressures over 125 lb. per sip in., |)r(^fercncc should be given to the com- 
pound counterflow and the uniflow (‘iigine. 

Condensing units over 1000 hp. rated (capacity are usually of the Corliss 
type where the initial pressure does not (exceed 100 lb. gage. For high(T 
pressures the (lompouiid counterflow or single uniflow are ordinaiily the 
better investment. ( 'Ompressors, and hoisting and rolling mill engines 
are usually of the compound counterflow type, though the single-cylinder 
uniflow is finding increasing favor with many engineers. While the 
piston type of engine is still used for driving electiic generators over 500 
kw. rated (capacity, the majority of new installations for this service are 
equipped with turbo-generators. This is due not so muc.h to heat (jconomy, 
because the piston-type engine can be designed to equ.al if not exceed 
the performance of any steam turbine, as it is to the saving effected in 
first cost and cost of attendance. 

In case of alternating-current machinery — and the great majority of 
turbo-generators are of this type — it must be rememl)cred that the r.p.m. 
of the generator depends upon the number of poles used in the machine 
and the frequency of the cKrrent to be generated ; thus 

_ , r.p.m. X no. of poles 

Frequency or cycles = (152) 

The greater number of poles increases thc^ diameter, which necessarily 
increases the material and cost of construction. Low-speed machines, 
therefore, cost much more than machines of higher speed and equal 
capacity. Turbo-generators are inherently high-speed machines and 
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this accounts in a larpe measure for their adoption in central station 
practice. 

of Slcain Engines: Powc'r, Jau. 10, 1023, j). 90; May 13, 1924, p. 700. 

PROBLEMS 

1 . A 4()-hj). non-condensinp; piston t^npine iisos 500 lb. of saturated steam per hour 
wlicn runnmj!: idle and UiOO lb. per hour when o])eralint; ai. full load; initial pressure 
115 lb. abs. Draw the unit water-rate* curve, assuniiiifi; that the total water rate follows 
the “ Willans ” straight -line iaw\ 

2 . A l5-ineh by IS-ineh poppc't -valve engine uses IS 8 lb. steam per i.hp-hr. at 
rated load, initial pressuic* 145 lb abs ; back jire'ssure 0 lb. ^a^.e; initial (piahty 99 
per cent; release pressure 4 lb. j^a^e; meehanie.al ellieieney at rated load 91 per cent 
Reciuired (on both nlij). and br.hp. basis); 

а. Heat consumption jicu’ hp-hr. 

h. Thermal i‘ffiei(*ney, per cent. 

c. Rankine ev(*le ratio, ])er cent. 

d. C'yliiider etiieienn , jier e(*nt. 

3 . The Kankiiu* c>ele ralio of a compound poppet-valve enj 2 ;ine is 90 per cent at 
full load; initial firessure, 150 lb. idjs.; temperature of steam a( admission, 450 deg. 
fahr.; back jiressiire Iti. I lb abs. Galeulate the full-load water rale, lb jier i.hp-hr. 

4 . If the (‘xliaust Iroiii the engine in IVoblem 3 is used for heating purpo.ses, required 
the full-load water rale, lb. jkt i.hp-hr chargeable lo power. 

б. A simple engine indicates KK) hp. on a dry .steam consumption of 31 lb. per i.hp-hr.; 
initial ])ressure b50 lb. abs , back pres.sure 0 lb. gage. By shortening the cut-ofT, and 
by reducing the back jm'ssure to 4-in. iner(;ury (n*ferred to a 30-in. barometer) the water 
rate is reduced lo 22 lb. ])er i.lip-hr., the load remaining the .same. If the conden.sing 
eipiipment requires 10 per cent of the steam sujiplied to the ('iigine for its oper:»tion, 
required t he net gain or lo.ss in heat consumption per i hp-hr. diu* to condensing 

6. Which is the nion* economical from a heat, con.sumption standpoint, a sinqile 
non-condensing engine using 2() lb. dry .steam per i hp-hr., initial pre.ssure 100 lb. abs., 
or a comiiound condensing (*ngine u.siiig 12 lb. steam per i.li[)-hr., initial pre.ssure 290 
lb. abs., su])erheat 350 deg. fahr., back prcs.sure 2-in. nuu*eurv? Which is the more 
perfect of the two? 

7 . A ()00-hp uniflow' engine u.ses 11.0 lb. of steam jicr i.hp-hr. when operating at 
full load; initial ])re.s.sure 175 lb. gage, siqieiheat 150 deg. fahr, vacuum 26 in. If 
the Rankine cycle ratio increases 1.2 per cent for each 1-in. deerea.se in vacuum from 
26 111 . up to atmosfiheric pres.sure and decrea.s(‘.s 1.5, 4 and 10 ])er cent for increase in 
vacuum from 26 to 27, 28 and 28.5 in., rivspeetively, required the mo.st economical 
vai'uum on the n(*t-heat. suppluHl ba.sis, a.s.suming tli/it the condensate is fed to the 
boiler at a temiierature corresponding to the vacuum. 

8 . A non-conden.sing engine irses 22.4 lb of steam per i.hp-hr. under the following 
conditions; Initial pres.sure, 150 lb gage, superheat, 50 deg fahr., back pressure, 
17 lb. abs. It is proposed to operate this engine, condensing under a 26-in. vacuum, 
100 deg. superheat and initial pre.ssure, 125 lb. gage. If the Rankine cycle ratio is in- 
creased 5 })er cent, liy the reduction in initial pressure, 5 per cent by the increased 
superheat, and decreased 24 per cent by the reduction in back pressure, required the 
water rate under the changed conditions. Increase and decrease in Rankine cycle 
ratios referred to Rankine cycle ratio under non-condensing conditions. 
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STEAM TURBINES 

201. General. — In 1890 the stoiuii lurhiiio as a practical machine 
was almost unheard of. To-day it is the most important ])rime mover 
in the power world, at least insofar as the large central station is con- 
cerned. For certain classes of service, such as steel rolling mills, hoist- 
ing, reciprocating compr(;ssors, smd small non-condensing elecl ric generat- 
ing plants, the piston engine is usually the better inv(;stment, but even 
this field is being encroached upon by the geared turbine and the variable- 
sjreed and rev(n-sing motor drha'ii by tnrbo-gcmei-ators. While the piston 
engine will no doubt continue to be an important factor in power genera- 
tion, it has been pract ically (iliminated from consideration in large (lentral 
stations. No radical changes have been made in the (h'sign of steam 
turbines during the past few yeai's, though high steam i)ressure,s and 
tempciraturcs have necessitated many modifications in structural details. 
As a heat engine, the steam turbine has b(',e.n developed to a high degree 
of perfection, but considerable work of imiJioveiiKint rt'inains to be done 
to successfully safeguard reliability of operation. Single-cylinder units 
have been consti'ucded in various sizes I'angijjg from a small non-con- 
densing auxiliary drive rate.d at less than 1 hj). to large turbo-alternators 
of 50,000 kw. rated capacity. Multi-cylinder units of 70,000 kw. maxi- 
mmn capacity have been installed in a numbcir of central stations. 

The theory and design of the steam turbine is fully covered in many 
excellent text books on that subject and no attempt will be made to 
dis'!uss this phase of the subje(;t except in a very elementary manner. A 
few basic types have been described in detail, more with the object of 
bringing out the principles involved than for jnirposes of design. 

A general classification of steam turbines is unsatisfactoi y became of 
the overlapping of the various groups, and the following chart is offered 
merely as a guide in arranging a few well-known turbines according to 
the fundamental piinciples involved in their o])eratiou. 

In conformity with the practic-c of most manufacturers, turbines have 
been divided into three general classes, (1) impulse, (2) rea(!tion, and (3) 
combined impulse and reaction. Strirdly speaking, howciver, all turbines 
depend more or less upon both impulse and reaction for theii' oi)cration, 
and the more suitable terms, velocity and pressure, have been proposed. 

429 
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Impulse. 


Steam 

Turbines. 


Single Velocity. 
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j De Laval “ Class A.” 


Kerr. 

Terry. 

Sturtevaiit. 

(hirtis. 

Westinghouse. 


Single-velocity 

Stage. 


Multi-velocity 

Stage. 


Hidgway. 

De Laval. 
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Large Curtis. 

f Curtis. 

I Kerr. 


Single- 

pressure 

Stage. 


Reaction. 


Single-velo(5ity 

Stage. 


Allis-Chalmers. 


(Combined 
Impulse and 
1 Reaction. 


West inghouse. 


Multi- 

pressure 

Stage. 


Impulse Type. — In tho impulse type the steam is expanded in a sta- 
tionary nozzle or grouj) of nozzles, and tho heat given up by the pressure 
drop imparts velocity to the jet. itself. Tho jet impinges against the 
vanes or buckets on a rotating wheel and gives up its kinetic energy to the 
wheel. The steam pressure is the same on both sides of the vanes or 
buckets. If the entire pressure drop takes place in one set of nozzles and 
the resulting jet is directed against a single wheel, the turbine is classified 
with the single-stage single-velocity group. The velocity of the jet is 
very high, from 2000 to 4000 ft. per sec., and for satisfactory economy the 
peripheral velocity of the wheel must also be very high, from 700 to 1400 
ft. per sec. The De Laval “ Class A turbiiui, the only example of this 
group, is no longer manufactured though a niunber are still in operation. 

If the entire pressure drop takes place in a single set of nozzles and a 
single whtjel is to be used at a comparatively low speed, satisfactory 
economy may })e effected by compounding the velocity. That is, the jet 
issuing from the nozzle at a very high velocity is reflected back and forth 
from the vanes on the rotor to a scries of fixed reversing buckets until all 
of the available kinetic energy of the jet has been imparted to the wheel. 
The steam pressure is the same on both sides of all vanes or buckets. The 
Terry single-stage lnr})ine is i-epresentative of this group. 

Low p(?ripheral vcdocit^^ and high efficiency may be obtained by pres- 
sure compounding; that is, expansion takes place in a series of successive 
nozzles instead of one nozzle. Only a part of the available heat energy 
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is converted into kinetic energy in each set of nozzles. For each set of 
fixed nozzles there is a corresponding rotor. This class of turbine, fre- 
quently called the Rateau type, is substantially a series of single-velocity 
impulse turbines placed side by side. The steam ])ressure in each stage 
is less than that in the preceding stage. The Ken and large-sized Curtis 
turbines arc representative of this group. 

By compounding both velocity and pressure we have the multi-velocity 
and pressure type of which the Curtis turbine is the best-known example. 

Reaction Type. — Tn the reaction type the conversion of potential to 
kinetic energ>’^ takes place in th(' moving Idades as w(‘ll as in the fixed 
blades. Only a small portion of (he heat, energy imparts velocity in the 
first set of fixed blades or nozzles. The jet issuing (Vom t his set of nozzles 
impinges against the first set of moving blades at a. velocity vsubstantially 
that of the moving blades, so that it (mbas them without impulse. The 
moving blades arc^ })ro])ortioned so that, i)artial ex])ansion takes jdace 
within them and the resulting increase in velocity exerts a reaction iipon 
the moving blades. The expansion is very gradual and a large number 
of alternately fixed and revolving blades ar(' necessary to efT(M*t complete 
expansion. Because of the small j)ressure dro]) in each stage (seldom 
exceeding 3 lb. at any one i*ow of blades), low })eri})heral velocities arc 
possible with high overall ('fficienci(\s. B('caus(5 of the number of stages 
necessary to effect com plot (^x[)ansion and th(‘ excess leakage over the 
blade tips in the higli-i)jcssure stages, the straight, reaction printiple is 
not used in turbines under 1000 kw. rated (;apa(ity. The Allis-Chalmers 
turbine is of this type. 

Combined Impulse and Reaction Type. — In this class the high-pressure 
elements are of the inqndse type and the low-])ressurc elements of the 
reaction type. The W('.stinghouse single-cylinder high-i)ressure condens- 
ing turbine is typical (jf this class and is vii tually a coml)ination of the 
Curtis and Parsons designs. Sc'veral Euiopean inqnilse turbines as 
recently designed arc fitted with reaction blades adjac-(mt to the nozzles, 
showing the tendency to merge the different fundamental types. 

Turbines may be classificid according to tii(" service foi* which they are 
intended, as (1) high-pressure non-condensing, (2) high-pressure con- 
densing, (3) low-pressure,* (4) mixed-pressure, (5) bleeder. 

Turbines may also be classified according to the dire(;tion in which 
the steam flows with reference to the rotor, as (a) axial, Q)) radial, (c) 
tangential. 

Turbines may be still further classified according to methotl of driving, 
as (1) direct connected, and (2) geared; or according to the number of 
cylinders and their arrangement, as {a) single-cylinder, (6) multi-cylinder^ 
(c) tand(^m-compound, and (r/) cross-compound. 
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Each of these types, with the exception of the radial-flow, is discussed 
later on in the chapter. There are no American turbines of the radial- 
flow type. 

WZ. General Elementary Theory. — A given weight of steam at 
a given pressure and temperature occupies a certain known volume and 
cont-ains a known amount of heat energy. If the steam is permitted to 
cxf)and to a lower pressure, it is capal)le of doing a cert.ain amount of work 
which, theoix'lically, will be (he same whether the expansion takes place 
in the cylinder of a reciprocating ])istoTi engine, a rotary piston engine, or 
the nozzles and blad(is of a steam turbine. 

Let W ~ rate of flow of the steam, lb. per sec., 

E = energy given up by 1 lb. of steam in expanding from the \ 
higher to th(‘ lower i)ressure,*ft-lb., 1 

H\ = initial la^at c.ontent of the steam, B.t.u. pc!‘ lb., 

11 n = filial heat content of the steam, B.t.u. per lb. 

Th(ui the heat (hop, or heat available for doing useful work, is W{Hi 
— //„) B.t.u. ])er s('c. 

If the steam (;xi)ands from an initial condition //i to a final state of //„, 
the energy Eij available', for doing work is 

El = 777.5 W{Hi - Hn), ft-lb. per sec. (153) 

In the ideal or perfee^t piston or rotary engine, all of this energy is im- 
iwted to the i)iston or ecpiivaleiit and only an insignificant portion is 
utilized in imparting velocity to tlie steam itself. 

If, instead of acting directly on the i)iston of a reci])rocating or rotary 
engine, the entire expansion takes i)lace in a frictionless nozzle or the 
equivalent, tlien the heat drop will impart velocity to the steam itself and 
the kinetic energy, Ei, developed by the ji't will be 

E 2 = WVr 2(jj ft-lb. per sec. (154) 

in which 

Fi = velocity of tlu' j('t in the direction of motion of the wheel as 
it issues from the nozzle, ft. i)er sec. 

Now, if this jet is directed against the blades, vanes, or buckets of a 
turbine wheel, the force exerted by the jet against the vanes is WVi/g 
lb. If the j(‘t l(Miv(’s the vanes at velocity F„ ft. per sec., it will exert a 
force in the direction of motion of — WVn/g lb. The sign of Vn is negative 
because its direction is op])osite to that of Fi. The total force, P, measured 
in lb., acting on the vanes in the direction of motion is the algebraic 
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difference of the entering and leaving force or 

P = WV,/<i - (- W\\/g) 

= iixr, + Vn) - (j (155) 

In the purely impulse turbine, the jet leaves the vanes at zero velocity; 
hence WV„/(j is zero and the lorec^ exerted by the jed. on the vane in the 
direction of motion is 

P = WV,/g (15G) 

The work, E^j absorbed by the vanes, asvsuniing no losses, is the product 
of the peripheral forc.e, Pj and ])erii)heral vcdocity, u (ft. per s(m-.), or 

E, = Pu ^ ir?/. (Ti + Vn) - (j (157) 

For maximum theoretical elliciency the ]vni])heral v(^locity must be 
one-half that of the jet or u = 1/2 1/ or u = 1/2 ( lb — l'„) if only part 
of the energy is absorbed. Substituting these values foi' u in equation 
(157) and reducing, we have 

E, = \V(Vr - IV) - 2(j (158) 

In the purely impulse turbine Vn = 0; tlieiefore, tlie work absorbed 
£4, is 

E, = WVr^ ^ 2g (159) 

In the reaction turbine the entire heat drop does not take i)lace in the 
fixed or stationary nozzles, but part occurs in the fixcnl nozzles and the 
remainder in the moving vanes; that is, the moving vanes are in reality 
nozzles expanding steam in much the same manner as tlu^ fixed vanes or 
nozzles. 

If Vi and Vn arc the respetdive inlet and outlet v(^l()citi(\s of the moving 
vanes in the direction of motion relative to the moving vanes, it can be 
shown that the force, Pi, acting on the moving vanes in the direction of 
motion, is 

Pi = W(vn - Cl) - ii (IGO) 

and the work, P5, absorbed by the moving vanes is 

E, = TF(V - - 2r/ (IGl) 

In the purely reaction turbine the jet fi om the stationary nozzles enters 
the moving vanes at the same velocity as the latter, or Vi = zero, hence 
the work absorbed, is 


Ee = TF?V 2f/ 


( 102 ) 
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If the moving vanes are considered as stationary, then for a given heat 
drop Vn = Vi and = L'g. In other words, the work done by a given 
heat drop is the same wh(‘th(U' llie exj)ansi(ni takes })lac‘e in fixed or moving 
nozzles. 

But E\ = E.i; hence from ecpiations (153) and (150) 

777.5 ir (//, - Jin) = - 2g 

from which 

r, = 223.7 VlJ, - II ' (163) 

A glance at ecpiation (150) will show that if the entire heat drop takes 
place in a single tiozzIc or set of nozzles, very high jet velocities will result, 
and if a single set of vaiies is (anployed to absorb the eneigy of the jet, the 
I)eripheral velocity of the; rotor must also^ be high. In older to obtain 
high (jfficiencics and at the same time relatively low peri])heral velocities, 
the turbine may be staged or compounded; that is, (1) the heat drop 
may take place by (logi c‘(‘S in a number of nozzles (pressure coin]K)unding), 
(2) the kinetic cmergy of the jed, may be absorbed by a series of alternate 
fixed and moving vaiu's (velocit.y coitipoimding), or (3) a combination of 
pressure and velocity stages may be employed (pressure and velocity 
compounding). 

If there are ?? pressure' stages only, the theoretical stage velocity, Kj, 
assuming ecpial heat drops in each stage', is 

\\ - 223.7 V(//i - 7/„) -- // (164) 

For maximum theoretical c'fficiency the peri])heral velocity of the rotor, 
V pj is one-half the stage velocity (see (Hpiation (1S2)) 
or 

Vp = Is - 2 (165) 

If there are velocity stages only, then the peripheral velocity for 
maximum thc'oretical efficiency, Vp^ is 

= Vy ~ 2a' (166) 

Combining ecpiations (163) to (166) and reducing, and making n = 
we have , 

Vf = Vf' V7i ( 167 ) 

That is, for the same heat drop and number of stages, lower peripheral 
velocities may be obtained by velocity compounding than by pressure 
compounding. 

The heat supplied, heat converted to work, theoretical water rates, 


^ For most purposes it is sufficiently accurate to make 223.7 = 224. 
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and efficiencies for the various cycles employed are the same as ft)r the 
reciprocating engine. These quantities are defined and anal^^zed in 
Chapter XXIII and hence need not he duplicated here. 

Equations (153) to (107) an^ general and arc applicable to all turbines 
of whatever make. 

Heat Drop in Steam Turbines- Trans. A.S.M.E., Vol. S3, \). 32r», 1911; The Eiigr., 
Mar. 8, 1912; U. S. Bureau of Standards, Reprint No. 107, 1011. 

!303. Single-pressure, Single-velocity-stage Impulse Turbine. — This 
is the simplest type of steam turbine and consists essentially of a 
single wheel revolving in a single casing fitted with one or more nozzles. 
Steam is completely expanded in the nozzle or nozzles (the number de- 
pending upon the size of the turbine) from the initial to the existing back 
pressure, and the kinetic (‘iiergy of the jet is absorlied by a single row of 
vanes or buckets mounted on the ixu-iphery of the wh(‘el. Since the total 
heat drop takes place in the nozzles, the vcdocity of tlui jet is very high 
and ranges from 2000 t-o 4000 ft. per sec. depemling ujMm the initial and 
final steam conditions. For maximum efficiency the peripheral velocity 
of the wheel must 1)C approximately half tlie effectivi^ velocity of the jet, 
or 1000 to 2000 ft. per sec. For the simdl wheels employed in this type 
of machine, this is ecpiivalcnt to 20,000 to 40,000 r.p.m. Such rotative 
speeds arc suitable only for very high-speed apparatus and some sort of 
reduction gearing is necessary if the turbine is to drive at lower speeds. 
If the wheel is driven at speeMls less than apj^roximately half that of the 
jet, the steam will leave the vanes with high residual velocity and con- 
siderable energy will be wasted. While a great many turbines of this 
class arc still in use they are no longer manufactured primarily because 
of the high rotative specxls. 

The De Laval “ Class A ” turbine is the best-known application of the 
single-pressure, single-veloc^ity, impulse princiide. A s(‘-(;ti()n through the 
casing and wheel is shown in Fig. 277. The rotor or wlu'el consists of a 
high-carbon steel disc fitted with a single row of droi)-forged steel blades, 
and mounted on a light flexible vshaft. A flexible shaft is employed be- 
cause it is mechanically impossible to establish perfect rotative balance 
at very high speeds. The flexible shaft ])ermits the wheel to gyrate 
about its center of gravity instead of being forcied to rotate about its 
geometrical center as would be the case if a rigid construction were used. 
The casing is of cast steel and encloses the wheel. The nozzles are inserted 
in the casing as shown in detail in Fig. 278. The blades are made with a 
bulb shank and fitted into slots milled in the rim of the wheel. The 
flanges at the outer end of the blades are brought into contact with each 
other and calked so as to form a continuous ring. The governor is of the 
centrifugal type and controls the speed by throttling the steam supply. 
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The oi^cration of the turbine is as follows: Steam enters the steam 
chest, Fig. 277 and Fip;. 278, through the governor valve and is distributed 
to the various adjusta])lc nozzles, varying in number from 1 to 15 accord- 
ing to the size of turbine. In the earlier types the nozzles were uniformly 



distributed around the circumference, but, in the later types, arc arranged 
in grou])s. As illustjated in Fig. 278, the nozzles are placed at an angle 
of 20 degrees with the plane of the disc. The steam is expanded in the 
nozzles to the existing l)ack pressure before it impinges at high velocity 
against the blade's. After giving up its energy, the steam passes into the 
body of the casing and out- through the exhaust opening. 



Fk;. 27S. Nozzle Amiiij 2 :(Mnent, De 
Ijjiviil "Class A" Furbine. 



Fie. 279. I^irbiiic Blading, Dc Laval 
* "Class A" Turbine. 


‘‘ Class A ” De I^aval turbines have been built in sizes ranging from 
17 to 700 hp. The diameter of the wheel varies from 4 in. in the smallest 
size to 30 in. in the largest. The speeds vary from 10,600 r.p.m. for the 
largest size to 30,000 r.p.m. in the smallest, corresponding to the peripheral 
velocities of 1310 to 520 ft. per sec. respectively. The speeds are reduced 
by the gearing 10 to 1. 
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While this particular type of turbine is no lonp;er constructed, the 
elementary theory involved will be discussed at some length becjause the 
same principles apply to all types of impulse turbines and the fewness of 
parts permits of simple analysis. 

The maximum tlieoietical power developed by a jet of steam flowing 
through a nozzle is dependent only ui)on the of steam flowing i)er 

unit of time and the discharg(' or spouting vdocitij. Tluneforc', the higher 
the spouting velocity for a given rate of flow the greater will be the power 
developed a;id the higlu'r the efficiency. 

The inaximum weight of steam discharged through a nozzle of any shape 
and for a given initial pressuie is debu-mined l)y the area of the narrowest 
cross section or throat. 

To obtain the maximum velocllij at tlie exit or mouth, for a given rate of 
flow, the nozzle should be proportioned so that expansion to tlu' exteni.al 
pressure into which the nozzle didivers shall tak(^ jdace Avithin the nozzle 
itself. If expansion in the nozzle^ is incompl(‘t(‘, sound waives wall ])0 pro- 
duced and there wall be irregular action anti loss of tmergy. On the other 
hand, if expansion in the nozzle is carried bt^low that of the external pr(\s- 
sure at the mouth, sound waives wall be j)roducod walh subsecpient loss of 
energy even greater than in the fornitM- taise. 

Experimental a,nd mathematical investigations inditaite that the pres- 
sure at the narrowest sot'tion of an orifice or the throat of a nozzle through 
which steam is flowang falls to approximately 0.58 of the initial absolute 
pressure (with resultant velocity of about 1400 to 1500 ft. i)('r set;.) and 
any furthc;r fall in pressure must bike i)lace Ixwond the narnmest section. 
Thus, for back pr('ssur(‘,s greater than 0.58 of the initial (conveniently 
taken as 3/5), maximum exit velocity may be obtaint'd from orifices of 
nozzles of uniform cross section or with sidtss convergent. For back pres- 
siu’e less than 0.58 of the initial, the nozzle must- first converge from inlet 
to throat and then diverge from throat to mouth in order to obtain maxi- 
mum velocity. Without the divergent j)orti()n of the nozzle, the jet will 
begin to spread after passing the throat, and its energy will be given up in 
directions other than that of the original jet. 

Figure 280 shows a section through a theoietically proportioned ex- 
panding nozzle. The croiss section of th(; tube at any point n may be 
calculated by means of equation 

An = WS„ ~ Vn (168) 

in which 

An = area in sq. ft., 

W = maximum weight of steam discharged, lb. per sec., 

Sn = specific volume of the steam at pressure 

For wet steam = XnUn + o-, 
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in which 

Xn — qiia,Iii,y of steam at pressure Pn after adiabatic expansion from 
})ressnre 

u„ = si)(‘(afic volume of satin ated steam at pressun' 

(T — volume of 1 lb. of water corjespondiiig to jiressure 7\. 

This quantity is veiy small (*omi)arcd with that of the steam, and may 
be neglected, 

V„ = 223.7 vy/, - Il„ 




By substituting //„ = heat content corresponding to pressure P„ = 
0./)8/^i in etiuations (157) and (1(J8) the area at the throat may be readily 
determined. The (nx)ss-sectional area for other points in the tube may be 

determined in a similar inaTiner by assigning 
values of //„ corresi)onding to the various 
pixissures. 

In case of a peifeit nozzle Hi — Hn 
refiresents the heat given \ip toward pro- 
ducing velocity by adiabatic exi)ansion from 
j)iessure to 7\. In the actual nozzle 
the frictional resistance of the tube serves 
to increase its dryness fraction, l)ut in doing so it decreascis the amount of 
energy the steam is eapahle of giving u}) towards increasing its own velocity. 
If y one-hundredths of the heat, Hx — 77 is utilized in overcoming fric- 
tional resistance, then the r(*sulting velocity will bo 



Firj. 280. Tlu'orrtically Pr()f)()r- 
lioncd Expanding Nozzle. 


r = 223.7 V(1 - y) {III - 77J. 


(169) 


The quality of the steam after exi)anding to P^ against the resistance 
will be higher by an amount 

7„ = increase in quality = y{Ui — U^/'rn (170) 


in which 

Tn = heat of vaporization at pressure Pn. 

The curves in Fig. 281, calculated by means of equations (163) and (168), 
show the relationship betwwn velocity, quality, pressure, and kinetic 
energy for all i)oints in a theoretically perfect nozzle expanding 1 lb. of 
dry steam per sec. from an initial absolute pressure of 190 lb. abs. to a 
condenser pressure of 1 lb. abs. 

The curves in Fig. 282 are based upon the experiments of Gutermuth 
and show the effect of a few shapes of nozzles and orifices on the actual 
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weight of steam discharged for various rates of initial and final pressures, 
the smallest section of the tube remaining constant. 

The nozzles of most cominoi'cial types of steam turbines are made with 
straight sides as in Fig. 278, 
so that only the area at t,lie 
mouth need be determined in 
addition to that at the throat 
in order to lay out the shajic 
of the tube.- 

Equations (157) and (1G8) 
arc general and are appliea})le 
to steam of any quality, wet, 
dry, or superheated. ^ 

The diameter at the throat 
may be calculated within an 
error of 1 to 2 per cent, for 
the range of pressures usually 
encountered, by means of 
Grashof’s formula. 

For dry or wet steam when 

Pn = < 0 . 58 Pi _ 

w' = Vxi 



HOW 

70 | 

(JO'S 

■3 

0 

Of 


Vii.. 2cSl. 


( 'haractc^ristics of a ’'I'heorctically 
I’roporlioiKHl I'jXi)an(linK Nozzle. 


(171) 



For superheated steam when P„ = < 0.58Pi 

w' = 60 a„P, 0-97 (1 + 0 . 00065 <,), 


( 172 ) 
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in which 

w' = actual weight of steam discharged, lb. per hr., 
ao = area of the throat, stj. in., 

Pi — initial absolute pressure, lb. per sq. in. 

X] = initial (quality, 

Is = degree of superheat, deg. fahr. 

Goudie {Steam Turbitivs) givers the following rule for superheated steam 
If/ = 18.9 u, ■ (173) 

in which 

7 i = density of the steam at pressure Pi) other notations as above. 

Eor l)ack pressures higliei’ (han the criti(fal or > O.oSPj the funda- 
mental e([uation (157) olfers th(‘ simplest solution. Approximate results 
for this condition may be obtained by multiplying equations (171) and 
(172) by a factor K 

K = 2.182 V'(:(l - ].19c), (173a) 

in which 

c = 1 - (P„ - Pi). 

When a divergemt nozzle having an actual aren. ratio r {— mouth area 
-s- throat ai(‘a) is used for steam pressure having a ratio It (= mouth 
area h- throat area for pressure ratio Pn/P^j i** percentage nozzle-mouth 
error of a value Ci = 100 (r — /f) -j- r, which may be ])ositive or negative 
is introduced. The following table gives the vtdocity eflicicncy or ratio of 
probable actual exit velocity to the theoretical velocity for various nozzle- 
mouth errors, assuming the correctly proportioned nozzle to have a velocity 
efficiency of 97 per cent. 

NuzzU'-mo nth error, f’l -40 -30 -20 -10 0 10 15 20 25 20 

Velocity efhciency, per cent 93.5 94 8 95.9 96.7 97 96 7 96.3 95.3 93.6 90 6 

When the actual expansion ratio of the nozzle is greater than required, 
the nozzle is said to be ovcr-expandetl; when smaller, under-expanded. 
From the preceding table it appears that it is preferable to have a nozzle 
under-expanded than over-exj)anded. 

Moyer ('^ The Steam Turbine,” 4th Edition, p. 44) states that the ratio 
of the area of a cori'ectly })roportioned nozzle at the throat to the area 
at any point is \ ery nearly proportional to the ratio of the pressure at 
point a„ to the initial pressure, or 

Q(? 7^ n 

an "" Pi 


( 174 ) 



STEAM TURBINES 


441 


The entrance to the tuy)c is rounded by any convonieiit curve. 

The length of the tube may be roughly approximated by the following 
formula : 

L = (175) 

in which 

L = length between tJie throat and mouth, in inches, 

Qo = area at the throat, s(|iiare inches. 

Pra(;tice shows that tlie cross sectioTi of a nozzle, wlietlicr circular, 
elliptical, sepia, re, or lectangular (the latter with rounded corners), has 
very little influence on tlu^ ellicieiKy, ]n-ovided the inner surfaces are 
smooth and the ra1,io of the area at th(^ throat to that, of the mouth is 
correcjtly proiiortioncul. The* vclon'iij efiicieiicy of a proiierly proportioned 
nozzle with straight sides is atjout Do to 97 per cent, coirespondirig to an 
energy efliciency of 92 t,o 94 pen* cenf, so that it is not considered worth 
while to attempt to follow the more difficult exa(‘,t curves. 

Example 38. — hind the sma,]l(‘st cross section of a fri(*tionless, conical, 
divergent nozzle for ex])anding 1 lb. of steam |)er sei*. from an absolute 
initial pressure of 190 lb. t,o an absolute back pressuie of 2 lb. and find 
six intermediate cross sevtions where* tiie ])iessures will b(^ 70, 30, 14.7, 8, 
4, and 2 lb. res])cctively. ( 'onpian* the velocity Jind energy of the jet 
issuing from this nozzle with those of an actual nozzle in which 10 per 
cent of the heat energy is lost in friction. 

Solution. — From steam and entropy tables we find the values of //, 
X, u, for absolute pressures corresponding to 190, 0.58 X 190 = 110, 70, 
30, etc., lb. per sep in. as follows (theoielical nozzle); 



If 

r 

u 

S - JU 

- i 

Pi - 100 

1107 :i 

1 00 

2 40ti 

2.40ft ' 

I\ - 110* 

1 ir>2 0 

0 OftO 

4 017 

3 885 

- 70 

1117.0 

0 032 

ft 100 

5 775 

Pi = ;io 

1057 2 

0 SS7 

13 75 

12 27 

Pr. = 14 7 

1011 

0 857 

2ft 78 

22 05 

Pu = 8 

047.8 

0 834 

47.2ft 

30.20 

P7 = 4 

035. ft 

0 810 

00.4 

73.2 

P, = 2 

SOO 3 

■ 

0 788 

173 1 

137.0 


*7^2 — 0 .“iiS Pi ( ~ pressuie at throat) 


If entropy tables or charts are not available, values H\ to //a and Xi to 
X8 must be calculated. (See paragraph 392.) 

The different (piantities for the theoretical nozzle will be calculated for 
the exit pressure Pn = Ps = 2 lb. per sq, in. abs. 

1^8 = 223.7 V lit - fh 

= 223.7 V1197.3 - 899.3 = 3865 ft. per sec. 
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E» = 778 (//, - Hs) 

= 778 (1197.3 - 899.3) = 232,000 ft-lb. 

As = Wti/V = I X 137/3805 = 0.0353 sq. ft. 
ds = VA{\A4: X 4)/7r = 13..5() ^0.0353 = 2.54 in. 
Fs = W\\/(J = 3805/32.2 = 120 lb. 


THEORETICAL NOZZLE 


Quantity | 


l 

Fl . 1)01 So<‘ 

K 

l<Lll) 

A 

S<i. I'( 

d 

In 

F 

7.1). 

Formula . 

(163) 

fir,3) 

(ir-S) 




no 

1400 

.31,707 

00250 

0 00.3 

40 4 


70 

1005 

01,S53 

-00200 

0 702 

(;2 0 


30 

2050 

107,485 

.0§401 

0.010 

82.3 

Pressures 

U 7 

3053 

144,742 

(K)745 

1.1 

04.8 


S 

3330 

173,207 

0110 

1 .40 

103.7 


4 

3(i24 

1 203,00.8 

.0202 

1 .02 

112.5 


2 

3S05 

232,000 

.03,53 

2 54 

J20 0 


In the actual nozzles thc^se values will be inodilied because of the frictional 
losses. Thus, for F„ = 2 lb., 

Vs = 223.7 (//, - fJs) 

= 223.7 V'(l - 0.1) (1197.3 - 899.3') = 3007 ft. prr sec. 

Es = 778 (1 - 0.1) (1 197.3 - 899.3) = 208,800 ft-lh. 

Xa' = Xs + h = Xs + //(//i — Ih)/rs 
= 0.788 + 0.1 (1197.3 - 899.3)/1021 
= 0.788 + 0.029 = 0.817. 

As = Wxs'us/Vs = 0.817 X 173.1/3007 = 0.0380 sq. ft. 
from which 
(h = 2.6() in. 

F = WVs/g = 3(i()8/32.2 = 114 lb. 

These various facitors for all given pressures have beem calculated in a 
similar manner and arc as follows: 


A(’TXTAL NOZZLE 


Quantities | 

r 

Ft. per Sec 

E 

Ft-lb. 


• A 

Sq. I't. 

(i 

1 II. 

F 

Ft-lb. 


no 

1420 

31,317 

.0658 

00275 

0 711 

44.1 


70 

1S93 

55,632 

.9414 

00286 

0 723 

58.8 


30 

2515 

98,257 

.9026 

.00493 


78.1 

Pressures 

14.7 

2804 

130,050 

.876 


1.2 

98.8 


8 

3108 

155,858 

.856 

.0127 

1.53 

98.4 


4 

3438 

183,581 

836 


2.01 

106.8 


2 

3607 

208,800 

817 

.0386 

2.66 

114.0 
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Many of these values may be determined directly from the M oilier or 
total heat-entropy diagram as described in paragraph 386; in fact, the 
Mollier diagram has to all intents and purposes supplanted the steam 
tables in this connection. For superheated steam the diagram is extremely 
useful in avoiding laborious calculations. 

Figure 283 gives a cliagi aininatic arrangement of the blades in a single- 
stage De Laval turbine. The nozzle directs the steam against the blades 
with absolute velocity Vi and at an angle a with the plane of the wheel XX. 
Since the wheel is moving at a ^rlocity of u ft. per sec., the velocity vi of 
the steam relative to the wheel is the resultant of T'^i and u. The angle 
jSi between Vi and XX will be the pro])er blade angle at entrance. If the 


n =1250 



Fig. 283. Velocity Diagnirn. Ideal Single-pressure, Single-velocity 
Stage Turliinc. 

blade curve makes this angle with the dirc'ction of motiefn of the wheel, 
no shock will be experienced when the steam enters the blades. For 
convenience in construction the exit angle ft is made the same as the 
entrance angle jSi. Neglecting frictional losses in the blade channels, 
the relative exit velocity will be ih = Vi, and the resultant of and u is 
the absolute velocity, V 2 . The impulse ^xerted by the jet in striking the 
vanes is Wvifg, and its component in the direction of motion is Wvi cos Pi/g 
= W(Vi cos a — u)/g. As the jet leaves the vanes the impulse is --Wv 2 
cos ^2/0 = -F(72 cos 7 + u)/g. 

The total force acting on the vanes, or the actual driving impulse, is 

P = W/g X { 7i cos a — u — [ — (Fa cos 7 + m)] } (176) 

= W/g X (7i cos a + V 2 cos 7). (177) 

Equation (176) may also be expressed 
P = W/g X 2(7i cos a — u). 


(177a) 
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The resultant axial force or end thrust is 

F = W/g X (Fi sU\ a — V 2 sin 7). (178) 

Evidently if o: = 7 and Vi = V 2 there will be no end thrust, since 
Vi sin a — V 2 sin 7 will be zero. 

The work done is 

Pu = Wu (!'] cos a + V2 cos y)/g (179) 

or, using ecjuation (177a) in place of (170) 

Pu = W/g X 2u (T^j cos a — u) 

= W/g X 2 (uVi cos a - u'). (180) 

By making the first derivative equal to zero 

^[_ ^0 ^ ~ 1 ^ ^ a — 2u = 0, 

or 

u = i Ti co.s* a (181) 

That is, for any nozzle angle a the work done, Pu, has its greatest value 
when w = i V\ cos a, or 7 = 90 degres, whence 

Pu = W/2g X Vr cos a (182) 

The work for any initial velocity Vi bccoines a maximum when a = 0 
and u = IV \. This condition can only occur for a cwnpletc reversal of 
jet and zero final velocity. Substituting a = 0 and u = \ Fi in equation 
(181) and reducing, we have 

Pu = E,= irT^“ ^ 2g 

which is necessarily the same as equation (157). 

In the actual turbine the various velocities will be less than those so 
obtained, on account of the frictional resistaiu^e in the blades, and the 
velocity diagram should be modified accordingly. 


Example 39. — Lay out the blades (theoreticcal and actual) for the 
nozzle in the preceding example, assuming that .the jet impinges against 
the w’heel at an angle of 20 degrees and that the peripheral velocity is 
1250 ft. per sec. Weight of steam flowing, 1 11). per sec. 

Solution. — Theoretical Case. Lay off Tb = 3805 ft. per sec. in direction 
and amount as shown in Fig. 283 and combine it with u = 1250 ft. per sec.; 
this gives vi, the relative entrance velocity, as 2725 ft. per sec., and jS, the 
entrance angle, as 29 degrees. 

Lay off V 2 = vi at an angle 02 = and combine with u; this gives V 2 , 
the absolute exit velocity, as 1740 ft. per sec. 
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The theoretical eiierp; 3 ^ available for doing work is 

E = W/2(j X (V\'^ - Vo-) = i/MA X (38052 _ 174 Q 2 ) ^ 185 OOO 
ft-lb. 

The difference between 232, ()()() and IS5, ()()() = 47, OOO ft-lb. is evidently 
the kinetic energy lest in th(^ exhaust due to the (‘xit, velocity. 

The pressure exerted by the' steam on the buckets is 

P = W /q X ( Vi ro,s a + I’o cos 7 ) 

= 1/32.2 X (3805 X 0.9397 + 1740 X 0.05100) = 148 lb. 

The theOretic-al im})uls(' c'fliciency is 

(Ti" - l'2=)/r,"- = - 1740-) = 0.797, 

The theoretical hp. dev(*lo])e(l is 
Hp. = 185,000/550 = 330. 

Theoretical steam consumption pei hp-hr. is 
3000/330 = 10.7 lb. 

Actual Case. — Proceed as in the theoretical case, using the actual 
absolute velocity l^i ^ 3805 Vl — // = 3805 0.10 = 3007 ft. per 

sec. in ])lace of the th(‘or(‘tical value Pi = 3805. Lay off Li = 3007 at an 
angle of 20 degrees as l)(‘fore and combine with u = 1250, J^^ig. 284. 


11 



The resultant = 25140 is the velocity of the jet relative to the wheel, 
and the entrance angle is found to be 29.7 degrees. The relative exit 
velocity V 2 will be less than vi because of the blade friction. 

Assume the loss of energy 0 between inlet and exit of the blades to be 
14 per cent; then, siiujo the velocity varies as the square root of the energy, 

V 2 = Vl Vl — </) (183) 

= 2530 Vl — 0.14 = 2340 ft. per sec. 

The resulting absolute velocity V 2 is found from the diagram to be 
V 2 = 1405 ft. per sec. 
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Since the loss of energy in the nozzle is 

- (1 - y) - 2g, (184) 

and that in the blade 

- (1 - 0) 2(/), (185) 

the remaining energy, deducting both losses in the nozzle and the blades, 
is 

W/2g X (Vr - y/Fr (186) 

= 1/04.4 X (38052 _ 0 j ^ 38052 - 0.14 X 2530^ -'14052) 

= 164,200, ft-lb. 

The losses due to windage, leakage past the buckets, and mechanical 
friction must be deducted from these figures to give th(i actual energy 
available for doing us('ful work. Assuminf^a loss of 15 per vxmi due to 
this cause, the work delivered is 

0.85 X 104,200 = 139,570 ft-lb. 

The efficiency in the ideal case was found to b(' 0.797 and the available 
energy 1 85, OOO' ft-lb. 

The efficiency, deducting the loss due to friction, etc., is 

139,570 X 0.797 185,000 = 0.00. 

Hp = 139,570/550 = 254. 

Steam consumption per hp-hr. is 
3000/254 - 14.2 lb. 

The heat consumption, B.t.u. per hf). per min. is 
14.2(1197.3 - 94)/00 = 200. 

Assuming the r.p.m. to be 10,000, the mean diameter of the wheel to 
give a peripheral velocity of 1250 ft. per sec. is 

1250 X 00 10,000 X 3.14 = 2.39 ft., or 29.0 in. 

The determination of the height and width of vanes, clearance between 
nozzles and blades, etc., are beyond the scope of this work, and the reader 
is referred to the accompanying bibliography. 

The ratio of exit to inlet velocity is called the blade or bucket velocity 
coefficient. The following table gives the values of this coefficient for the 
usual shape of impulse turbine blades. The values include all losses be- 
tween the nozzle mouth and entrance to the exhaust opening. (Marks' 
Mechanical Engineers’ Handbook, p. 984.) 

Velocity relative to 


blades, ft. per 

sec 200 400 600 800 1000 1500 2000 2500 3000 4000 

Blade velocity co- 
efficient. . 0 953 0.918 0.888 0.863 0.841 0.801 0.774 0.754 0.739 0.716 
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F^team l^irbines, 4th Ed., J. A. Moyer, John Wiley & Son. 

Steam TurhineSf 2nd Ed., W. J. Goudic, Longmans, Green & Co. 

Methods of Reducing Loss in Steam Exhausted from Turbines: Power, Nov. 20, 1923, 
p. 825. 

Slca7n Turbine Blading: Power, (Serial): 

General Construction, Eeb. 5, 11)24, j). 200. 

Some Impulse Types, Feh. 12, 1021, p. 251. 

Wostinghouso Reaction, Feh. 10, 1024, j). 293. 

Reaction Vanes with Radial and Axial Clearance, Feb. 20, 1024, p. 329. 

Comparisim of Radtal- and Axud-flow Turbines. Power, Jan. S, 1024, p. .50. 

204. Single-pressure, Coinpoiind-veloelty-stage Impulse Turbine. — In 

this typo of mi))ul.so turhino, tho stonin is expanded down to the existing 
hack pressure in a single set of nozzl(\s just as in the single-velocity stage 
machine, but no atteni])t is made to absorb the kinetic energy of the jet in 
a single passage through the vanes or buckets on the wheel by maintain- 
ing a high perii)heral velocity. Instead, the blade velocity is fixed at 
some point much lower than half the effective velocity of the jet, so that 
steam leaves the buckets with considerable residual energy. In order to 
operate with low blade velocity and at the same time utilize part of the 
residual energy, tlu'. steam leaving the wheel may be guided by a set of 
stationary reversing vanes to another wheel. If the steam leaves the 
second wheel at a high velocity, a third set of reversing and moving vanes 
may be employed. This procedure may be continued for any number of 
stages or until tho steam leaves th(^ last row’ of moving vanes at practically 
zero velocity. The sam(^ result Jiiay be obtained by redirecting the steam 
from the reversing bucket.s upon the same wheel which receives the initial 
impulse of the jet. I''or imiximum theoretical efficiency, the number of 
velocity stages necessary for a given blade velocity is equal to the initial 
jet or spouting velocity divided by twice the blade velocity. Thus, for 
an initial jet velocity of 4000 ft. per sec., there should be 2, 4 and 8 stages 
for blade velocities of 1000, 500 and 250 ft. per sec. respectively. In the 
actual turbine these values would be modified because of the frictional 
resistances in the nozzles and blades, windage, leakage and the angles 
cf the vanes. 

The single-stage Curtfs, “ Class C ” De Laval, single-stage Moore, 
“ Type K ” Kerr, non-condensing Terry, Westinghouse Impulse, and 
Sturtevant are well-known examples of this class of steam turbine. 

Figure 285 shows a section throTigh a De Laval “ Class C single- 
pressure, two-row, velocity-stage, non-condensing turbine illustrating the 
well-known “ Curtis principle. The rotor consists of a single forged- 
steel disc, fitted at the periphery with two rows of bronze, monel metal, 
or forged-steel blades, the material depending upon the initial conditions 
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of the steam. The blades are similar in design to those of the single-stage 
geared typci. The nozzles aj c of the diverging typ(i and are inaehined in 
a removal )le nozzle jdate 1)olted to the side of the wheel ease. The guide 
vanes arc of tlie same dcisign as thosci on the rotor and aie fastened in a 
similar manner to r(‘moval)le steel segments. These' segments are^ })olted 
to the nozzle [)lat.e in such a maimer that the guide vanes are intermediate 
between the two rows of moving vaiu's. The governor is of the centrif- 
ugal type, mounted on the main turbine shaft and o])erating a double- 
seated balanced valve. Machines suitable for high speeds, such as small, 



high-head centrifugal pumps, centrifugal bloAvers and conijnessors, and 
small direct-curient. gencratois, can be directly (‘onne(;ted to the turbine 
through the coupling, but for lower-speed machines it is necessary to use 
a reduction gear between the turbine and the driven mac.hine. The 
two-row wheel turbine is intended for small jicrwers only. In th(i larger 
machines there are several wheels and intermediates depending upon the 
power requirements, the initial and final steam conditions, and the desired 
peripheral velocity. The governors for the larger machines are either of 
the Jahns type, mounted on a vertical spindle and driven by the turbine 
shaft through worm gearing, or of the hydraulic relay t 3 ''pe. All sizes are 
equipped with a safety stop and quick-operating trip valve. “ Class C 
turbines are available in various sizes up to 1200 hp. 
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The Kerr velocity-stage turbine differs from the “ ("lass C ” De Laval 
in that there is but a single row of vanes on each disc. The present con- 
struction consists of two or three single-row wheels, and is intended 
primarily for driving poAver ])lant auxiliaries in sizers from 5 to 600 hp. 
without reduction gearing. 

The velocity (liagraiiis may be (constructed in a manner similar to that 
of any single-pressure stage in the Courtis turbine. 

Figure 28() gives a general vicAv of a Terry non-condensing turbine 
illustrating .the si ngl (^-pressure conpxMind-vclocity-stage principle as ap- 
plied to a single wheel of the 
nc-entrant type. Steam is ex- 
panded down to the (existing 
back pressur(c in one or more 
nozzles, depending Tipon the size 
of the turbine. The resulting 
high-velocity jet eniers the side 
of the wluic'l bucla^t and its 
direction is iTversed 180 de- 
grees. As this single revcMsal 
uses but a poj’tion of the avail- 
able energy, th(c steam is cjuight 
in a reveersing chamber and 
returned again to the whend. 

This i)ro(cess is lepeated several 
times. As the wIkhcI and 
biKckets aie cut from a single 
piecce of steel, thei’c arc no 
])arts to become loose or worn 
out. The reversing (chambers 
or buchets are made of sjjecial 
alloy metal and arcc arrangeed 
in groups on the inneer surface of the turbine (casing, each group being 
supplied with a separate nozzle. The governor is of the fly-ball 
throttling type aTid is mounted on one end of the shaft. In the larger 
sizes having more than (^le nozzle, the load may also be manually con- 
trolled by opening and closing the nozzles. Terry n on-con deensing tur- 
bines are made in a number of sizes ranging from 5 to 600 hp. and may be 
direct connected or geared, depending upon the speed recpiirements of the 
driven machines. 

The Westinghouse impulse turbine is of the single-pressure compound- 
velocity type empl(3ying a single wheel with one row of vanes and a section 
or block of stationary vanes for redirecting the steam onto the rotor. 



Ej(;. 28G. Terry Nuii-eoTicJensiiig Steam 
Tml)iii(‘. 
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While the arrangement bears a resemblance to the Terry turbine, the 
steam passes but twice through the blades on the rotor and the action is 
equivalent to that of a machine having two rows of rotating blades, and 



Fig. 287. We.stingliouHe Impulse I'lirbo-Genorator — Oe.arod Set. 


the best economy is obtaiiic'd when the ratio of blade velocity to that of 
the jet is 0.23. These turbines are constructed in sizes ranging from a 
fraction to 3000 hp. For very high-speed service the turbine is direct 
connected to the driven machinery, but for lower-speed drives a r(xlu(;tion 

gear is used. Figure 287 
shows the general assembly 
of a geared turbo-generator 
set and Fig. 288 that, of a 
fixed-reduction gear of the 
type used for small powers 
at comi)aratively low speed. 
When the pinions are small 
ill diameter and the width 
of the face is narrow, a 
slight misalignment of the 
bearings does not materially 

Fig. 288, Westinghouse Reduction Gearing for affect the tooth contact. 

Small Unils. For heavier loads the pinion 

diameter and the width of 
the face must be increased, but the pcmnissiblo limit for pitch-line 
speed is soon reached and further increase in power-transmission re- 
quirements must be provided for by an increase in width of face 
without an increase in diameter. Wdien the total face is more than 
three diameters, it is the practice of the Westinghouse Company to 
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carry the pinion in bearings attached to a frame within the housing 
and flexibly supported from the housing through a short section of 
steel “ I ” beam. The flexibility of the web of the “ I ” beam section 
will permit a uniform distribution of the pressure throughout the 
width of the gears. While Westinghouse impulse turbines are equipped 
with automatic stop goveinoi s which close the throttle if the speed is 10 
per cent above normal, additional j)recaiition is taken to prevent rupture 
of the shaft in case the automatic stoj) fails to function. This is accom- 
plished by .surrounding the rotor hubs with massive steel rings which will 
confine the deflection of the shaft within narrow limits and act as a brake. 
Heavy ribs surrounding the peri])hery of the rotor accomplish the same 
purpose on the smaller sizes of machines. 

Valne Gears on Small Wesii nghyusv Dircct-dnrcn 7'urhines: Power, Nov. 6, 1923, 
p. 730. 


205. Compound-pressure, Slngle-veloclty-stage Impulse Turbines (Ra- 
teau Type). — It has been shown that the velocity of the jet issuing 
from a nozzle vari(\s with the square root of the heat drop. If the entire 
expansion from throttle valve to exhaust o})cning takes place in a single 
set of nozzles, the lesultanl j('t velocity is very high, and in order to realize 
maximum eflicaeiK’y the pcu’iphej’al velocity must be approximately half 
that of th(‘. jet or else the velocity must be (‘-ompouiidcd as described in the 
preceding paragraj)h. If, instead of ('X])anding (completely in one set of 
nozzles, the heat drojj is ('ffected sle]j ])y step through a series of nozzle 
sets, the jet vtdocity will be reduced by an amount ecpial to the square 
root of the numl)cr of nozzle seds. For example, if Ih and //« represent, 
respectively, the iTiitial and final heat content of the ste.am, the jet velocity 
for c(jmplete expansion in one set of nozzles is V = 224 V If 
the heat drop, i/i — //„, is equally divided among n sets of nozzles the 
heat drop per stage will be (/7j — Uj^/ri and the jet velocity will be 

V = 224 V(//i - /yj/n. 

Thus a four-pressure-stage machine with single velocity stages can operate 
efficiently at one half tkc speed of a single-pressure-stage machine; a 
16-stage at one-fourth speed; a 64-stage at (3nc-eighth speed and so on. 
Attention should be called to the fact that in simple velocity compound- 
ing the entire turbine casing, with the exception of the steam chest, is 
under a pressure corresponding to that of the back pressure, whereas in 
pressure compounding each stage is under a pressure increasing in amount 
from the last to the first stage. The Ridgway is the best-known American 
turbine built on the straight Rateau basis. 
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Figure 289 shows a section through a ten-stage Ridgway turbine illus- 
trating an application of the straight Rateau principle. The rotor con- 
sists of a series of steel discs keyed and shrunk on a l igid shaft and sepa- 
rated from each othc'.r steel collars. A series of })iickets machined from 
solid bars of a sjKU'ial alloy are s(^cured to the j)(^rii)h(^rv. The smaller 
buckets arc fastened to the wheels by rivets through their shanks, and 
the larger ones are driven into slots and pet^ned. The diaphragms con- 
taining the nozzles are secured lo the casing and arranged so as to form a 
separate compartment or c('ll for ea(;h wheel. The casing and (liaphragms 
are split horizontally so that the machine can be readily opened for in- 



spection. Nozzles of small area are solid castings of speiaal alloy machined 
and bolted to the diaphragm. In the latcu’ stagers, where thc^ nozzle areas 
are large and extcuid all the way round the periphery, thc^ blades forming 
the nozzle are c^ast- in ])lace in the diaphragm. The opeuation of the 
turbine is as follows; Steam enters the turbine tiu'ough the govcinor 
valve to the steain chest in which is located the first set of nozzles. 
Partial expansion takes place thTOugh the firsf set of nozzles and the 
kinetic energy is imparted to the first wIhh'I through the medium of the 
buckets or vanes. Steam is discharged fi'om these buckets at a vei’y low 
velocity and is again partially expanded through thc^ second set of nozzles 
in the^ second dia])hragm. The resulting kinetic enc'rgy is absorbed by 
the buckets on the second wheel. This process is repc'ated in each stage. 
The arrangement of vanes and nozzles is shown in Fig. 290. It will be 
noted that the nozzle areas and the areas between the vanes gradually 
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increase from the first to the last stage to allow for the increased volume 
of steam as effected by reduction in pressure. The governor is of the 
pneumatic type and its operation is as follows: Air pressure, generated 
by a centrifugal fan, attacluHl to the end of the turbine shaft is trans- 
mitted to two light pistoiis the movement of which is resisted by a spring. 
The upper end of the stem cariying these 
pistons is pivoted to oiui eiid of a floating 
lever. Movennuit of the lever is t,i-ansmitted 
to a small, pilot valve, which in turn admits 
oil pressure to the piston attached to the 
main throttle valve, ddu'. mo\'ement of the 
main valve stem retuiris tlie i)il()t valve to its 
central position. This ecpializc's the pressure 
on the top and bottom of the main j)iston and 
arrests its movement, thereby maintaining a 
fixed throttle opening for a given sjieed. 

All eight-stage, c.ompound-pn'ssine, single 
velocity -stage turbine operating non-condens- 
ing at 190 lb. initial alisolute pressure would 
show about the following conditions: (All 
friction and leakage losses n(‘gl(Hd,(^d and final 
velocity in each stage assumed to be zero.) 



ArraiiRement of 
Vanes and Nozzles, Ridg- 
way-Riitea\i Tuibinc. 


Hi = il97.3 B.t.n. yier lb., 

Hn - 1012.5 B.t.u. peril).. 

Total heat drop = //, - II„ = 1197.3 - 1012.5 = 184.8. 

Heat drop per stage — 184.8 8 = 23.1. 


Stage velocity = 224 v^23.1 = 1080 ft. per sec. 


Stage 

lltiat Content 

iVeasurc, IJ) AIjh. 

Quality, Ter Cent 

Specilic Volimio 
( 'u. Ft. per Lb. 

AdmiatJion 

1197 :i 

190 

1(K) 

2 41 

1 

1174 2 

145 

97 9 

3 04 

2 

1151 1 • 

109 

95 9 

3 93 

3 

112S 0 

80 

94.0 

5.14 

4 

1104 0 

58 

92 2 

0 77 

5 

1081.8 

42 

89 0 

8 96 

6 

1058 7 

30 

88.8 

12.07 

7 

1035 0 

21 

87 3 

10.33 

8 

1012 5 

Atino.spli(‘rit; 

85.8 

22 U 


The heat content at the end of expansion in each stage is obtained by 
subtracting 23.1 B.t.u. from the heat content of the preceding stage. The 
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corresponding pressures, quality, and specific volume may be calculated 
as shown in (>hai)ter XXII or they may be taken directly from the 
Mollier diagram and similar graphical charts. 

In the actual turbine, only 50 to 75 per cent of the heat theoretically 
available is transformed into useful work. A small portion is lost by 
gland leakage, radiation, and bearing friction, and llie balance is retrans- 
fonned from kinetic energy into potential energy by eddying, fluid friction, 
and blade leakage. The efhcicaicy of each stage is less than that of the 
turbine as a whole, since the increase in heat content due to friction, etc., 
is available for transformation into useful work in the succeeding stages. 
To find the actual pressure condition in each stage, allowing for the various 
losses, it is necessary to correct the theoretical quantities for these losses. 
See Energy and Pressure Drop in (-omj)ound Steam Turbines,'’ by F. 
E. Cardullo, Proc. A .N.Tl/.E., Feb., 1911, and paper read by Professor 
C. H. Peabody, Proc. Society of Naval ArchitccL^ and Marine Engineers, 
June, 1909. C'onsult also, The Steam Turbine Expansion Line on 
the Mollier Diagram and a Short Method of Finding the Reheat 
Factor,” by Edgar Buckingham, Bui, No. 167, 1911, U. S. Bureau of 
Standards. 

206 . Compound Pressure, Compound Velocity-stage Impulse Tur- 
bines. — It has been shown that the bucket speed for a given heat drop 



Fig. 291. Assembly of Three-stage Curtis Turbine for Mechanical Drive. 


may be reduced, without lowering the economy, by compounding the 
velocity or the pressure. In case of pure velocity compounding, the pres- 
sure throughout each stage is constant, but the velocity of the steam 
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across the blades is very high in the first stages and gradually de- 
creases from steam inlet to exhaust outlet. In pressure compounding, 
the stage velocity is j)racticiilly constant, but the steam pressiu’e is 
gradually decreased from inlet to outlet. Moreover, for a given heat 
drop there will be n velocity stages as against pressure stages. 

To take advantage of the low sjioiiting velocity of the pressure tj^pe 
and at the same time deci oase the number of stages, both pressure and 
velocity may lie compounded in the same turbine. Various combina- 
tions of pressure and velocity compounding arc to be found in the com- 
mercial machine. 

The Curtis is the best knowni and the most widely distributed impulse 
steam turbine in this country. With the exception of the very small 
and the very large units, Curtis turbines are of the eonipound-pressure, 
compound velocity-stage t\^pb. The number of prcssuri* stages varies 
with the size and the scn vice foi‘ Avhich the turbine is intended and ranges 
from one, in a small l()-hji. non-c.ondensing unit, to 23 or more in a 50,000 
kw. high-pressure condemsing turbo-alternator. Ordinarily there are 
two velocity stages in the first jiressure stage and one velocity stage for 
each pressure stages throughout the r(5st of the exi)ansion zone. In the 
small turbine designed foj‘ mechanical drive, thei (' ai e two velocity stages 
for each pressure stage atid in the large' turlio-altcrnators of 20,000 kw. 
and over, there is only one velocity stage for each pressure stage. The 
latter in reality should be classified under the “ Compound-pressure, 
Single-velocity-stage ” heading. All (Uirtis turbines arc of the axial- 
flow type with a horizontally split casing, so that the upper half may 
be readily taken off for inspection or for removal of the shaft and 
wheels. The small units operate at sjieeds ranging from 1200 to 5000 
r.p.m. and lower speeds ajc obtained by the use of reduction gears. 
Sixty-cycle units from 500 to 9000 kw. rated capacity operate at 3600 
r.p.m.; 10,000 to 30,000 kw. units at 1800 r.p.rn, and single-cylinder 
units above 30,000 kw. at 1200 r.p.m. 

Figure 292 shows a diagrammatic arrangement of the nozzles and blades 
in a three-stage Curtis turbine. Th('. action of the steam is as follows: 
Entering at A from the steam pipe, it passes through one or more ad- 
mission valves B into the* bowls C. The number of admission valves de- 
pends on the load and their action is controlled by the governor. From 
bowls C the steam expands through nozzles D and impinges against the 
first row of moving blades and gives up part of its energj^ The steam 
flowing from the first row of moving blades is reversed in direction by 
the adjacent stationary vanes and is redirected against the second set of 
moving blades where it gives up its remaining kinetic energy. From 
this stage the steam flows at reduced pressure through the nozzles, of 
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the second sta^c, which arc sufficient in niiiiilx'.r and size to afford 
the greater area required by incTcased volume. In expanding in these 
nozzles it acquires new velocity and gives up energy to the moving 



Fig. 292. Diagramiruitic Arran of Moving and Statjoiiarv Elcnionts 
of Curtis Turbines. 


This process is repeated through several addition a 


I* 

033 

I: 


blades as before, 
stages. 

The rotor consists of 1 to 23 or more steel discs moTinted side l)y side 
on a horizontal shaft. In some oi the earlier desigTis, tlie shaft was 

mounted vertically l)ut this 
construction has been discon- 
tiiiucd. Buckets oi’ vanes of 
nickel steed, monel metal or 
nickel bronze according to the 
condition of tlie steam, are 
secured to the periphery by a 
dovctail-shai)ed root which fits 
snupiTy in a channel of the same 
seedlon machined in the rim. 
The tips of the vanes are tenoned and riveted into a shroud ring. The sta- 
tionary reversing vanes are secured to the casing as illustrated in Fig. 
292. Between the revolving wheels is a stationary steam-tight diaphragm 
which contains the nozzles through which the steam is expanded from the 
preceding stage. In the older designs, forged-steel nozzles for all stages 
were cast into the steel diaphragms. In the modern 23-stage 20,000-kw. 


Fig. 293. 


3 4 5 6 ' 7 8 

Steam £cll Area 

Stoarn-bedt Area in Five-st.ago 
Curtis Turbine. 
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machine, the nozzles in the first 17 stages arc of the renewable type and 
the remaining stages of lli(^ oUUu- cast construction. In the '' renewable 
design the supporting si)acei’s, ])lades and shrouding are of steel, milled 
and ground, and are ass(^mbled in lengths of about 8 to 10 in. The 
various elenients in (*a,ch s(‘(‘tion are welded into a rigid construction 
by copper wire plac^ed alongside the joints and fused in an electric oven. 
The finished sections of ))lading are slippc'd into dovetails in the diaphragms 
and secured in j)lac(i. It will be seen from Fig. 298 that vanes and nozzles 
increase in siz(‘ in succeeding stage's as the pressine falls and the volume 
increases. The parts are so j)roportioned that the steam gives up ap- 
proximately ]/// of its (‘iK'igy in each pressure stage, n re])resentirig the 
number of stages. The number of stages and the number of vanes ih 
each stage are goveiau'd by tlu* degr(^e of exi)ansion, the peripheral velocity 
which is practical or d(‘sirable, and by various conditions of mechanicals^ 
expediency. The nozzles extend around a relatively short arc in the ' 
periphery of the fiist stage and increase i)rogressively in number until 
they extend around the entire wheel iTi the last stage. 

In the smaller machines the speed is controlled by a centrifugal 
governor mount.c'd on the (uid of the main shaft and attached through 
suitable linkage to a single-balanced throttle-valve. The governor 
actuates a throttling valve of the balanced poppet-valve type. The 
larger* sizers are controlled by an indirect, or relay system of the hydraulic 
type. 

Figure 295 gives the 
general details of the main h 
governor, Fig. 290 a sec- ^ 
tion through the hydraulic, 
cylinder and jnlot valve, 
and Fig. 297 through one 
of the admission valves 
of this relay system, lie- 
ferring t,o I^'ig. 295, s])eed 
regulation is accomplished 
by the balance main- 
tained between the centrif- 
ugal force of moving- 
weights ^1^1 and the 

static foice excited by 295. Miiiu Operating Governor, 

spring D. The governor 
is provided wrth an aux- 
iliary spring F for varying its speed when s>mchronizing, the tension of 
which is varied by a small pilot motor controlled from the switchboard. 
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The movement of the p;ovcrnor weight is transmitted through rod D to 
arm H and by means of the latter to floating lever L, Fig. 29(). 

This floating lever is pivoted on a claiiii) attached to the jnlot valve 
stem S. The other end of the lever is connected by links to the piston 
rod R of the operating cylinder. A movement of governor arm displaces 
the small pistons of the pilot valve from their normal location in which 
they close the ports of the cylinder. This displacement causes oil to be 
admitted to the cylinder and the pressure of tlu*. oil 0 |)erates the main 
piston, Thp piston rod opens and closes the contiollijig valves through 




Cylinder. Control. 

the agency of the cam shaft, and at the same time transmits its motion 
through the link system to the end of the floating lever and thus brings 
the pilot valve bac^k to its normal position. Fach position of the governor 
determines a definite ])osition of the piston in the operating cylinder and 
consequently the opening of a definite numbej’ of controlling valves. In 
many of the large units up'to 20,000 1 \7., these cont rolling valves are of the 
unbalanced type, as shown in Fig. 297, and vary in number from two to 
ten depending ni^on the size of the turliine and the load conditions. In 
base-load units ranging from 20,000 to 50,000 kw., there are but two 
admission valves of the balanced throttle type, Fig. 298. One of these 
controls the steam for normal operation and the (Aher for overload service. 
The first admits steam to the high-pressure stage noazles and the second 
to a lower stage. 
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The cin(^rf!:ency governor, or automatic stop, consists of a ring R (Fig. 



Pio. 20<S, (Control Valve with ErnorKCUcy Release. 


300), iinov(Mily weighted, 
atiaerhed to and revolving 
with the shaft. At nor- 
mal speeds and less, the 
unbalanced ring is held con- 
centric, with the shaft by 
helical sj^rings S. When the 
speed increases to 10 per cent 
above normal, the centrif- 
ugal force of the unbalanced 
l)ortion of the ring oveicotnes 
the si)ring tension, and the 
ring revolves eccentrically. 
In this position the ring 
strikes a trip finger and 
closes the main throt tle valve 
which is of the balanced 
emergency type. In the 
newer Curtis units of large de- 
sign, the ful(‘rum of the lever 
operating the main control 
valve. Fig. 298, is held in 


position b}" a [)iston supported by oil pressure. The releasing of this pres- 



Fio 209. Governor Assembly for 35,000 kw. unit. 

sure by the emergency-governor trip immediately closes the main governor. 
In testing out the emergency governor, oil is dischaiged into chamber C, 
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300. Eiiicrf^oncy CJovemor, 


Fig. 300, through the agency of a hand-controllcil valve, and the added 
weight of the oil causes the mechanism to assume an eccentiic^ position 
before the actual ovejspeed of the turbine is reached. This tri])s the 
control valve as before. As soon as the oil supply is shut off, the oil 
in chamber C escapes through ])orts P 
and P and the ring again becomes bal- 
anced by the spring. 

The main bearings of the tmbine and 
generator, the thrust bearing, the flexible 
coupling, operating governoj*, and spiral 
gears arc lubricated, and the hydraulic 
mechanism is operated, by oil supplied 
from a forced lubricating systein. When 
the turbine runs at full speed, oil is siij)- 
plied from a twin spiral geiir oil inimp. 

This immp, as well as the oi)erating govenior, is driven by a worm gear 
flexibly coupled to the turbine shaft . 

An auxiliary turbine-driven laimj) furnishes oil to the turbine u])on start- 
ing or wdien slowing down. The oil is refi igcuated by circulation through 
a special tubular water cooler. 

In the small-sized non-condensing Curtis turbines, the packing in the 

diaphragms sej)arating the steam 
stages and in the inner sections of 
the high-i)i’essure and low-pressure 
heads usually (consists of a ring of 
sp(‘cial labyrinth i)acking, self- 
centered, with close clearance to 
the shaft,. The high-j)ressure and 
low-j)ressur(' heads are, in addi- 
tion, ])acke(l Avith several rings of 
braided, high-tempe ratine pack- 
ing. When furnished to operate 
wath high vacuum and, in special 
cases, wh(‘n operating non-con- 
densing against a high l)ack pres- 
sure, carbon packing rings arc used to pack the heads. The diaphragm 
packing remains unchanged. 

The high-pressure head of the large Curtis turbine is packed with a 
labyrinth packing of special design as shown in Fig. 301. Ihiferring to 
the illustration, A ... A and H ... B are monel nu'tal ribbons 
which are wound as a helix in a rectangular thre^ad turned in the sleeves 
fitted into bushing K and in the sleeve S, respectively. The ribbons in 



Ficj. 301. 


Scotinn through High-jiressure 
Rick in g. 
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S are perpendicular to the axi.s of the machine, while those in the opposite 
sleeves are inclined either to the right or left, depending upon their loca- 
tion. This inclination is ()])ta.in(‘d by turning over the edges of the ribbon 
while th(' i)i(He is rotaling in the lathe. The port 1) connects with the 
annular ()])ening E, and in (urn exhausts through jupe eomiection F, 
The greater bulk of thc‘ steani leaking by the packing escapes through 
this port and through ojxuiing F. P'or packing in good condition, the 
amount of steajii disciharge sliould not exceed 3()()() lb. pvv hr. for a 30,000- 
kw. rnachin(‘. The steam, whicdi is highly superheiited and at atmos- 
pheric pressure, is lead to a small closed heater in which the cooling medium 
is the condensate from the main eondemser. Th(' jest of the packing 
steam passes tliiough ports P into an annular spa(^(' N and then(‘-e into a 
small dischaige ])ip(' k'ading to a small jet condenser bolted to the jjac^king 
assembly on tlu' outside^ of tht‘ t urbine. Services watei- is used as the con- 
densing medium in this condenser. Only a small (piantity of water is 
required for this jet condenser, and the tail ” watei- is discharged either 
to waste or int-o a maktai]) storage tank. The vanes on t he external pack- 
ing sleeve extending fiom the j)oi’ts I) to the outside of the machine arc 
inclined in such a dii'('ction as to resist the infiltration of air, should the 
jet condenser maintain a slight vacuum as is usually the ease. I is the 
upper half of tlu^ high-iJi-essui-e wIum'I (casing, while 11 is the first-stage 
nozzle plate by meaJis of which the entrained steam is dii’cctcd upon the 
blades of the first-st/age wheel R. The low-pi-(^ssure j)a(;king is similar 
in design to tliat of tlie high-i)r(\ssui'e excejit that steam from an external 
sounie is used for s(‘aling. The diaphragm packing is also similar in design 
to that of the high-j)i'essure packing illustrated in Fig. 301. 

Figui-e 302 shows a horizontal section through a Kerr “ Economy ” 
Curtis-Rateau type tuibinc consisting of a single two-velocity stage 
Curtis element and nine Hateau stages. This machine differs from the 
equivalent (hirtis design only in striict-ural details and in the arrangement 
of the main operating governor. The governor weights, consisting of a 
split sleeve com^cntric with and mounted directly on the end of the turbine 
shaft, actuate a balanced-piston valve through an oil-relay system as 
illustrated. This type of Kerr turbine is constructed in sizes ranging from 
5 to 2500 hp. • 

Figure 303 gives a diagrammatic ari’angement of the blades and nozzles 
of a typical single-i)ressuie multi-velocity-stage turbine consisting of a 
single set of stationn,i-y nozzles, a (loul)le row of moving vanes on a single 
rotor and one inteiinediate oi* reversing element. 

Steam is comi)letely expanded in the stationary nozzles Po and issues 
from the nozzles with absolute velocity Fi, striking the first set of moving 
blades at an angle a with the line of motion of the wheel. The resultant 




Fig. 302. Kerr “Economy ” Curtis-Rateau Tj'pe Turbine. 
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1^1 of Vi and the peripheral velocit 3 ^ u is the velocity of the steam relative 
to the vanes; and the an^le which the line vi makes with the line of 
motion of the wheel is the i)ropcr entrance anp^le of the blades for the 
first set. Neglectirifi; frictioTi, the exit angle y will l)e the same as the 
entrance angle /3. The resultant of V 2 , the exit velocity relative to the 
blade, and ?/, the perii)h(M‘al vekxatj" is Yz, the absolute exit velocity. 

Since the second s(‘i of blades is fixed and serves as a imvins of changing 
the direction of how, the absolute velocity entering them is Vo. The 
angle 8 form(*d by Vo and th(' center line of the stationary J)lades is the 

proper entra.ncc aiigle. Neglecting fric- 
tion, the absolute exit velocity Avill be 
Y.i ~ Vo, and the exit angki will be 
e — 8. The steam flowing from the 
stationary blades strikes the second set 
of moving l)lades at an angle e = 5 with 
absolute velocity V^. Combining 
with the pcaiph(iral velocity u, we get 
^ 1 % the velocity of the steam relative to 

the siicond set of moving blades. The 
angle Oy foriiu'd by and the line of 
motion of the wheel, is the proper 
entrance angle for the second set of 
iTioving blades. The resultant of 

303 \'ol..(itv Diagram, (= ”») ubsolutc exit 

CmiLs 'i'urhinc. voloc.ity for the first staRO. 

Any number of i)ressiire stages may 
be analyzed in a similar manner; it should be noted that the initial 
absolute velocity of the steam entering each stn-ge corresponds to the 
heat drop in t he nozzle measiircMl from the final heat content of the steam 
in the preceding stage to that at the mouth of the nozzle under considera- 
tion. 

The “ Terry Condensing,^' Moore “ Multi-stage,” and some designs of 
the Kerr tm biiie, while of the multi-pressure, multi-velocaty-stage impulse 
type, are of composite design, consisting of a Curtis high-pressure stage 
and a number of Itateau intermediate and K)w-pressure stages. These 
turbines are frocpumtly designated as Curtis-Rateau machines. By 
substituting a (hut is stage for several of the first Rateaii stages, the 
windage losses are rediK'cd and a shorter cylinder is obtained. Machines 
of this design are usually limited to capacities under 2000 hp. 

Example 40. — A four-stage Curtis turbine develops 800 hp. on a 
steam consumption of 12 lb. per hp-hr.; initial pressure 150 lb. abs., 
superheat 100 deg. fahr., back pressure 1.5 lb. abs., peripheral velocity 
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450 ft. per sec., angle of the nozzle with the plane of rotation, 20 degrees. 
Each stage consists of two rotating elements and one stationary element. 
Compare the performance of the actual turbine with its theoretical possi- 
bilities. 

Solution. — Ideal Turbine. For the sake of simplicity, it wdll be as- 
sumed that the final velocity of eacli stage is zero and that the heat drop 
in the first set of nozzles is one fourth of the total tlieoietieal drop, assum- 
ing adiabatic ex])ansion. 

From steam tables IJ i = 1240.() B.t.u. 

From entropy taldes or Tdcdlier diagraiu Iln = 034. (>. 

Total heat drop = 1240. (> — 031. (i = 315. 

Heat drop in first stage' 315/ 1 -- 7S.75. 

The velocity of the jet in tlu' fiist. stage is 

V] = 224 \/7S.75 ^ 10S5 ft. per sec. 

By laying off this initial vc'hxity in direction and amount-, and com- 
bining it with the perij)heral velocity as in I'4g. 307, th(^ absoliit.(‘ velocities 
V 2 and r.'i may })C readily obtained. 

The kinetic energy absoiUed in t-lie first set of moving blades, per lb. of 
steam, is 

Ei = (Ur - F 2 -) 2(1 = (1085" - UTif) ^ (>1.4 - 30,030 ft-lb. per 

sec-. 

and in the second set of moving l)lades 

Ei = (r/ - IV) ^ 2(/ = (1170- - (TtT)') -4- f.4.4 = 14,280 ft-lb. per 
sec. 

The total energy (;onv(nted into usc'ful work is 

30,030 + 14,2S0 - 51,210 ftdb. i)er sec. 

Had the entire heat drop ])een utilized in doing work the total energy 
would be 

l/()4.4 X 1085“ = 01,180 ft-lb. ])er sec. 

The difference 01,180 — 51,210 - (>070 re])resents the loss due to the 
residual velocity of the steam halving the last bucket. 

Since the steam is practically biought (-0 rest before entering the second 
set of nozzles, the hc'at ('quivalent of this energy or 0070/778 = 8.90 
B.t u. increases the final hcait content; thus 

H 2 = 1249.0 - 78.75 +-8.00 = 1170.8 B.t.u. 

But a total heat drop per stage of 78.75 B.t.u. was assumed as a require- 
ment of the prolilem, and the final result obtained above shows it to be 
78.5 — 8.90 = (>0.54. By tiial and adjustment or by means of empirical 
formulas, a value of Iln may be obtained which will fulfill the given condi- 
tions. Such an analysis is beyond the scope of this book, and the reader 
is referred to Forrest E. C'ardullo’s article Energy and Pr(issurc Drops 
in Compound Steam Turbines,'^ Trans. A.S.M.E., vol. 33, p. 325, 1911. 

The remaining stages may be analyzed in a similar manner. 
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It shoiilfl be l^jorrio in niiiid that in the actual turbine the velocity will 
be less tlian tlu? theoretical on account of frictional resistances in the 
nozzles and blades, and the lu^at content Z/,, //o , . . will be 
greater than that of the id(‘al iiir^chanism. Kadiaticni, leakage, windage, 
and other losst's nmst also b(‘ considered in determining actual conditions. 

Negle(‘ting the jesidual eiungy in the exhaust, the total heat drop 
II \ — Jin in available for doing useful work, and the water rate of the 
ideal turbine is 

W = 2547 - ( II, - JJ„) = 2547 - 315 = 8.1 lb. per hp-hr. 

Heat (*onsum])tion jhm- hp. per min. 

= 8.1 (1241).b - 83.tb/()() - 157 H.t.u. 

Th(mn al idl i ci (m ( ‘ y 

Er = (J 249.0 - 934. (i) ~ (1249.0 - 83.9) = 0.27. 

• 

A dual Turbina. 

Steam used j)er hour = 800 X 12 = 9000 lb. 

Steam used per second = 9()00 -h 3()00 = 2. (it) lb. 

IIj). developed pei' lb. of steam llowing ])er s(a*. = 800 ~ 2.00 = 300. 

Kinetic; energy convert c‘d into useful work: 

300 X 550 = 1()5,000 ft-lb. per sec. 

Thermal efficiency 

Et = 2547 - 12 (1240.0 - 83.9) = 0.182. 

Heat consumption, B.t.u. per h]). per min. 

12(1249.() - 83.9)/00 = 233. 

Rankine cycle ratio - Et/Er = 0.182/0.270 = 0.075. 

207. Reaction Steam Turbine. — The reaction turbine is a multi-pres- 
sure single-velocity machine in whi(*h the reaction rather than the impulse 
of the jet is the force' which drives the rotor. In this type of turbine, the 
expansion of the steam is subdivided into a great number of stages of small 
pressui e drops, tlu^ si ('am expanding in the moving as well as in the sta- 
tionary elements. Each stage consists of a row of stationary and a row of 
rotating vanes, the vaiious stages being arranged in such a manner that 
the entire expansion resembk's in ('ffect a single divergent nozzle with the 
exception that the dynamic relationship of jet*^and vanes is productive of 
a comparatively low velocity frenn inU't to outlet. The action of the 
steam on the blades is illustrated in Fig. 304. Steam is expanded in the 
first row of stationary blades from pressure P to Pi and accelerates the 
jet. The velocity of the jet. issuing from these stationary nozzles is such 
that steam enters the adjacent set of moving blades practically without 
impulse. The steam exi)ands from pressure P, to P^. in passing through 
the first set of moving blades and exerts a reactive force on the blades. 
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I'k;. 30 i. IJliuld Arniii(>i'iiicnt, Reac- 
tion Tnridiie. 


The jet with low residual velocity is deflected from the moving blades to 
the entrance of the second set of stationary iu)zzlcs. In this second set 
of stationary nozzles, the steam is c'xpanded from jnessuve Py to P^ and the 
jet strikes the second set of moving Idades at practically the same velocity 
as that of the blades. This ])!‘ocess is repeated in each clement of the 
turbine, the steam expanding as it flows from elenuMit. to element in its 
passage to the condenser. It will b(\ seen that the rotaiing force is pri- 
marily due to reaction though there 

may be sonie imi)ulse when the iet ^ ^ ^ ^ ^ ✓ I 

1 , rp. I fl (((( (( (stationJry Blades 

strikes the moving memlicrs. Ihere \ ^ ^ ^ ^ ^ - 

1 1 • E In ]) )) ))!))) ^,) 

is no sudden change in pressure at ^ ~ 

any point; the reduction seldom |a,f C ( C ( ^ (Htoi^mtry Blades 

exceeds 3 lb. at ajiy row of blade's, " 
and the steinn velocities tlu'refo.v art* 

comparatively low. The ])ath of the lion Turhine. 

steam from inlet to outlet may be 

axial (parallel to the axis) or radial (at right angles to the axis). The 
Parsons (British), Westinghouse (American), and Allis- Chalmers 
(American) are repi-(\sentative of the axial-llow type, and the Ljunstrom 
(Swedish) of the radial-flow type. 

The Allis-Chalniers, high-pressure, single-cylinder, condensing turbine 
is the only American single-cylinder machine employing the straight 
reaction princijile throu|»;hout all stages. The earlier designs of Westing- 
house steam turbines were of the st raight reaction tyix^, and many of the 
large multi-cylinder units are of Ihis type, but the modern high-pressure 
single-cylinder units of whatever size oiierate on th(' combined impulse- 
reaction principle. 

Figure 305 shows a general assembly of an Allis- Chalmers, high-pressure, 
single-cylinder condensing steam turbine illustrating the straight l eaction, 
axial-flow principle. The turbine consists essentially of a fixed, horizon- 
tally -split casing or cylinder and a revolving s])indle or drum. The sta- 
tionary blades an^ inscj’ted radially into circumferential grooves in blade- 
or foundation-rings, vhich in turn an^ secured to the cylinder. The 
rotating blades arc mounted in rows on separate rings or directly fitted 
to the spindle or drum, "hlach row of blades, both fixed and rotating, 
extends completely around the turbine, and the steam flows through the 
full annulus between the spindle and cylinder. Theoretically, the length 
of the blades and the diameter of the spindle which carries them should 
continuously and gradually increase from the steam inlet to the exhaust 
so as to accommodate the increasing volume of steam. Practically, how- 
ever, the desired effect is produced by making the spindle in steps as 
illustrated. The blades in each step are arranged in groups of increasing 
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Fig. 305. Allis-Chalmers High-pressure Condensing Steam Turbine. 
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length. The blades are usually shorter at the l:>egiiining of each step 
than at the end of the preceding step, the change being made in such a 
way that the correct relation between blade length and spindle diameter 
is secured. 

Because of the difference in diameter of the stei)s,” there is an end 
thrust on the spindle due to the difference in steam pressure at the end of 
each step. In the smaller sizes of Allis-dialmers turbines, the thrust is 
neutralized by balance pistons mounted on the rotor and revolving inside 
a supplemcyitary cylinder, or “dummy.” Ea(‘h i)iston is then subjected 
to the same difference of pressure as the rotating drum by means of equaliz- 

'/ - Diniiiiiy Kiiifr 

I'liloii • 

VClearatice from 0 OOH’ to 0,020*' 

Fig. 306 . Iligh-pressuro Balance 
Piston Packiiif' f Allis-( ’halnKTs). 

ing pipes. In the larger sizes, the largest ])iston is omitted and in its 
stead a smaller piston is used at the other end of the turbine, this piston 
having a total effective area ecpial to (he effectives annulai* area of the 
largest piston. In the latter construction, 1h(' eciualizing ])i])e for this 
stage is omitted, the pressure on the balance ])iston being (Hpialized with 
that on the third stage of the blading by means of passages through the rings 
on the spindle. Balance jhslons and dummies 
do not come into contact with each other, and 
leakage of steam is minimized by alternate 
rings as shown in Figs. 30() and 307, wliich 
form a labyrinth packing. As a general rule 
all blades of 1/2 in. j)roje('ted width and above 
are cast into foundation rings and the smaller 
sizes are individually formed and swaged into 
the foundation ring. The tii)s of all blades 
are bound together with a shroud ring, theie- 
hy insuring rigidity and accurate alignment. 

Blades over 3 in. in length are secured against, 
vibration by wire lacing or stiffening stri})s, 

Fig. 308. The high-pressure end of the cylinder and spindle is sealed 
against leakage of steam by a water-packed gland which is in principle 
a centrifugal pump runner fixed on the turbine spindle and revolv- 
ing in a casing, Fig. 309. A similar seal is used C3n the low-pressure end, 
but, owing to the high pressure at the gland due to the low-pressure 
balance piston, an additional seal of the labyrinth type is provided to pre- 



308. Turl)ine Blading 
(Allis-Chaliners). 


' Pmiirny Unit; 1 

rp/lJui.i/'iOuLlOiJuO luUUQOiSL 


Fic. 307. Low-prc.ssuro Balance Piston 
Packing (.'Vlli.s-Chiiltners'). 
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vent excessive leakage from the inside of the balance piston to the exhaust 
chamber. The main beaiings arc of the self-adjusting ball-and-socket 
type and arc lubricated by means of a pump geared to the main shaft of 
the turinne. The oil, after it- drains from the ])earing, j)asses through a 
strainer into a collecting reseivoir whence it is pumped through a cooler 



Pkl i5()9. ITiRh-prossiiro Sjiindlc-Kliind 
(Allis-Chiihiicrs). 


blades at velocity 1\. In practice V 


and back to the bearings. A 
centrifugal auxiliary oil pump is 
furnished, for use when starting 
up or stopping the tyrbine, or in 
case of emergency. The main 
turbiiu* governor is of the float- 
ing-lever oil -relay type and con- 
trols the sp(‘ed by throttling. 

Figure 310 gives a diagram- 
]nati(; arrangenumt of the fixed 
and stationary blades in tt\e first 
stage of a multi-stage reaction 
turbine. The steam enters the 
stationary blades at a compara- 
tively low initial velocity and is 
there partially expanded and 
impinges against the moving 
is made such that there is prac- 


tically no impulse when the jet strikes the vanes. In passing through 


the moving vanes, the steam is further expanded and leaves at absolute 



Fk; IUO. Volocity Diagram — Reaction Turbine. 


velocity F 2 , exerting a reactive force on the rotor. The steam enters 
the second set of stationary blades with an absolute velocity V 2 and 
is still further expanded to velocity T 3 , and so on. 

The energy, Ei, imparted to the steam in the first set of stationary 
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blades, considering the flow as purely adiabatic, is 

E, = TU(//i - //o)/778 = TFVi^ - 2g (187) 

in which 

Hi = initial heat content, R.t.ii. per Ih., 

Ho = heat content after ex]>ansion through the blades, B.t.u. per lb., 

W = weight of steam, lb. ])(‘r 

Vi = velocity imi)arte(l to the j(d by expansion. 

The absolute spouting velocity 1^ = Vo + Vi, in which Vo = entrance 
velocity to the fixed Idadt's. 

The energy, E 2 , imparted to the si earn in the first set of moving blades 


is 

E 2 =*ir(/’ 2 “ - rV) - 2r/ (188) 

in which 

V\ = relative velocity of steam entciing the moving l)lades, 

V 2 = relative velocity of steam le.aving the moving blades. 

The total energy available in the first stage is E^ + E^j in which E^ — 
kinetic energy of the jet leaving tla^ stationary vanes = IVV^^ -f- 2(j. 

The total energy, Ei, converted into useful work in this stage is, there- 
fore, 

Et = E, + E 2 - - 2(/ 

= (TV + V - - r, 2 ) ir -- 20 (m) 

V 2 = absolute velocity of the steam leaving the moving blades. This 
residual velocity will also be the initial entrance velocity of the second 
stage. 

p]ach stage may be analyzed in a similar manner. 

Example 41.-" Construct the velocity diagram and calculate the work 
done in the first stage of a frictionless reaction turbine for the following 
conditions: Heat drop per stage = IS Jht.u. i)er lb. of steam; peripheral 
velocity = 300 ft. pei* sec.; exit angle = 30 deg.; ent-i’ance velocity, T^, 
= 0; rate of steam flow, 1 lb. per sec. 

Solution. — The velocify impart(‘d to the steam in the first set of 
stationary blades is 

Vi = 224 V\H/2 = 672 ft. per sec. 

The spouting velocity is 

= Vo + Vi = 0 + 672 = 672 ft. per sec. 

Lay off Vs in direction and amount and combine with u = 300, Fig. 
310. The resultant is Vi^ the velocity of the steam relative to the blades. 
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The angle between v\ and the line of motion of the wheel will be the entrance 
blade angle. I^Yom the diagram vi = 438. The enc^rgy given up by ex- 
pansion in the moving Idades is 

El = 778 X 18 -^2^ 7002 ft-lb. per see. 

Substituting V] = 438 and PJ] = 7002 in ecpiation (188), we have, 

7002 = dV - i38“) ^ VAA 
or, = 802 ft. i)er see. 

The resultaiU; of Jind n is 12, the losidual veloeity of the steam leaving 
the moving blades. From the diagram F 2 = r)7(). 

The energy eonverted into work in the first stage is from cciuation (189) ] 

El = ((i72‘“ + k)2" - -i;^8“ - ~ (A A 

— 10,120 ft-lb. ])er see. for each 11). of steam flowing 
thi’ough the turbii^e. 

In the actual turbine the various friction and leakage losses must be 
included in the calculation. Such an analysis is beyond the scope of this 
text and the reader is refc^rred to the accompanying bibliography. 

208. Combined Inipulse-reaelion Steam Turbines. — Tlie use of a 
singl(Mmpulse element for the first stage of the expansion in a reaction 
turbine is desirable in many eases, inasmuch as it replaces, without any 
appreciable sacrifice of economy, a considerable number of rows of blading 
in flic least eflicient, stage of the reaction turbine and maktis possible a 
shorter and c.onsequcnlly a stiffer rotoi*. The entering steam is confined 
in the nozzle chain bers of the impulse clement until its ])ressurc and tem- 
perature haA O bt'cn materially reduced by expanding through the nozzles. 
As the nozzle chamber is cast sejiarately from the main cylinder, the 
temperature and pressurt! differences t,o which the cylinder is subjected 
are corres])ondingly decreased. From 20 to 50 per cent of the total heat 
drop takes plac(' in the imjnilsi' element, the exact, amount depending upon 
the initial steam conditions. 

With the exc(‘ption of the impulse type described in paragraph 204, all 
recently constructed single-cylinder, high-jiressure, Westinghouse steam 
turbines are of the combined impulse-reaction typ(\ Figure 311 shows a 
section through a 1500-kw. turbine illustrating the usual design, and Fig. 
313 shows a section through a 35,000-kw. unit representing the latest 
practice in large single-(^yiindcr machines. 

Referring to Fig. 311, the entire rotor, comprising the reaction spindle, 
impulse disc, and turbine shaft, is a single steel forging, thereby insuring 
great strength and rigidity. The impulse element consists of a single set 
of nozzles, two rows of blades on the rotor, and one set of intermediate 
stationary reversing blades. In this machine approximately 45 per cent 
of the total energy developed is absorbed in the impulse element. The 
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reaction element consists of 12 straight reaction stages with the rotating 
elements mounted on a single cylindrical drum. There are no balance 
pistons; dummy rings and a thrust bearing take up any unbalanced 
axial force that may exist. Tlie main bearings, glands, and seals are 
similar to those of the lai'gc'r unit described furthei' on. The governor, 
Fig. 312, is driven from the main shaft through a woi’in gear, and acts 
directly on the steam-admission valve. 

Referring to Fig. 313, it will be seen that the rotor of the large single- 
cylinder unit is composed of two forged-steel sections which ai’c held in 



place by a pressed fit and reinforced by bolts. The high-pressure section 
contains the rotoi- for the impulse element and two l^alance ])istons, and the 
low-pressure section carries reaction blading only. The high-pressure 
casing is cylindrical in shape and houscis the impulse elements and two 
dummy rings. The valve chest is placed alxm^ the cylinder and is rigidly 
attached to the casing at, the primary steam inlet. The reaction casing 
and blade rings are shaped so as to give a diverging steam path of conical 
section from inlet to exhaust outlet. The exhaust chamber, furthermore, 
contains partitions designed on stream-line principles so as to insure uni- 
form distribution of the exhaust steam over the wRole condenser inlet 
opening. The fii’st 19 rows of reaction blading are of the usual design 
with interlo(*king roots and brazed wire lashing. Th(^ rest of the blades 
are of the Bauman type, which permit of increased steam area without 
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increase in blade length. The Bauman principle is to divide the steam 
into two belts by means of partitions on the blades and auxiliary exhaust 
passages in the casing. The outer path is proportioned so that the steam 
diverted in this direction is expanded completely and efficiently. Steam 
of the inner path is by-passed with practically no expansion in the lower 
portion of th(i partitioned blades, but the remaining available energy is 
absorbed by the added row of blades. The coinhiiKnl length of the added 



row of blades and that of the upper portion of the j)receding j^artitioned 
blades is sufficient to give the desired total exhaust area without an in- 
crease in blade length. By adding one row e£R?h of revolving and sta- 
tionary blades, the capacity will be increased 60 per cent above the original. 
In adding two row\s and arranging an additional steam belt, the increase 
is 120 per cent, and with three additional rows, 170 per cent. 

The balance or dummy pistons are connected through equilibrium pipes 
with suitable pressure zones in the turbine. Steam leakage past the 
dummies is prevented by labyrinth packing of the type illustrated in 
Fig. 314. Duplex sealing glands are provided at each end of the turbine, that 
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To Condensa 

Fig. 313. Assembly of 35,000-kw. Westinghouse High-pressure Single-cylinder Condensing Turbine. 
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next the atmosphere bein^ a water gland of the centrifugal impeller type, 
while the other is a steam labyrinth gland. The latter is useful in starting 
up, since the water seal does not be^'onie effecliv^(‘ until an appreciable 
degree of spe(‘d is obtained. Any unbalanced thiust is taken up by a 
Kingsbury thrust bearing, Fig. 315. The main Ixairings aje of the self- 
aligning ty])e and are kept cool by 

y'.: '/ ‘.Unuhvr ■ a continuous flood of oil. A closed 

by moans 

nn^nnnnnnnnnhnnm^nnn t ho .main shaft 

IUUU,UlJLllluULlUUilU.UUUllU of tho tm-bine. Tho oil, aflor it drains 

I Kuvulviiiif l.lciiii-iii . ' I i* ill- .1 1 

I " ' ' ' - -x.j Irom the Ixvirmg, j)asses through a 

Fig. 314 . Dummy Piicking, West mg- iido a collection receiver 

house Turhiiic. whence it is pumptnl through a cooler 

and back* to th(‘ bearings. 

E^igure 310 shows an assemidy of the main governor mechanism which 
is common to all siz(\s of Westinghouse reaction turbines. The movement 
of the governor weight, is transmitted through suitable linkage to lever L, 
which in turn actual (\s rocker R. Flat-faced cam (' and vibrator rod B 
impart a slight but, continuous reciprocating motion to lever L and thus 
overcome the friction 


Kuvulviiii; l.lciiii-iii 


Fig. 314. Dummy Pii, eking, W'os'lmg- 
housc Turbine. 


of rest. Rocker arm aS 
controls a small pilot 
valve whi(;h admits oil 
under pressure to, or 
exhausts it from, the 
admission - v al v c ope r at- 
ing cylinders. There 
are usually two admis- 
sion valves, the pri- 
mary and secondary, 
but in the large units 
such as illustrated in 
Fig. 313, there is an 
additional or tertiary 
valve. Each of these 
valves admits live 



steam to different pressure stages in the turbine. F'igure 317 gives 
the general details of the oil relay valve gear under governor control. 
Rocker S, Fig. 316, controls the small pilot lever A, Fig. 317, which admits 
oil under pressure to, or exhausts it from, the admission operating cylinder. 
When oil is admitted to the operating cylinder, raising the piston, the 
lever C lifts the primary valve E. The lever D moves simultaneously 
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with C, but on account of the valve F, the latter does not begin to lift 
until the priinary valve is raised to the point at which its effective opening 
ceases to be increased l)y further ipnvard travel. The secondary valve 
admits steam to a lower-pressure section and enables the turbine to carry 
a heavier load than when controlled by the primary valve alone. 



Between the governoi-con trolled relay and the piston is an additional 
relay which is operat'd by a small differential piston (controlled by the 
automatic stop governor. The descent of this jnstoii admits full oil pres- 
sure to the under side of the piston, exhausting the up])er side and so 
closing the steam-inlet vafives regardless of the position of the governor 
contn^l relay. By means of a small hand-o])eiated i)lunger at the center 
of the shaft, the whole mechanism may be tested out, if desired, whenever 
the machine is shut down, without actually speeding up tluc turbine. 

In the particular unit illustrated in Fig. 313, provision is made for ex- 
tracting steam at sections B, C, D, and F. When operating at rated load 
with initial pressure of 300 lb. abs., 650 deg. fahr. temperature, and a 
vacuum of 29 in. of mercury, the pressure drops in the various sectiona 
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are approximately as follows: impulse element 300 to 120 lb. abs.; section 
B to C, 120 to 50 lb. abs.; section C to D, 50 to 12.9 lb. abs.; D to Ej 
12.9 to 3.2 lb. abs.; E to condenser 3.2 lb. abs. to 29-iri. vacuum. 

The double-flow type of Wcstinghouse turbines are no longer built and 
are of historical interest only. 

Governing Device.^ of Wcslinghouse Geared Turbine Units: Power, Nov. 1.3, 1923, p. 

770. 



2QI9, Compound or Multi-cylinder Turbines. — The counterflow piston 
engine is (jompounded primarily for the purpose of reducing cylinder 
condensation losses incident to large ratios of expansion. In the steam 
turbine, there is no wide fluctuation in tenij)erature as in the coimterflow 
engine, and hence, aside from an insignificant amount of heat lost to the 
surroundings, there is no cylinder condensation. For pressures under 
400 lb. gage the use of more than one cylindei* docs not improve the heat 
economy of the turbine, and single-cylinder machines as high as 45,000 
kw. rated capacity have the same thermal efficiency as the multi-cylinder 
construction for the same ]nessure and tempefature range. Compound 
turbines, however, have certain structural and operating features which 
may prove of advantage under certain conditions. Thus, in the cross- 
compound design the temperature range is less in each cylinder than 
in a single-shell machine for the same initial and final steam conditions, 
and the stresses in the casing and rotor are, therefore, not so pronounced. 
Furthermore, the two or three cylinders are complete units in them- 
selves, and in case of derangement or shut-down of either unit the 
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other may still be kept in sei'vice. The multi -cylinder design lends 
itself admirably to the high-pressure higli-leinpc^rature reheating cycle 
which is now being adoiiled in so many new powt‘r plant projects, and 
a number of such units are now in course of construction. Multi- 
cylinder turbines of the tandem-comj^ound and (‘ross-compound type 
(two or three cylinders) are to l)e found in a miinl)er of jdants, and a 
3-cylinder 50,00()-kw. unit has been iiistalk'd in the Crawford Avenue 
station of the ('ommonweallh lOdison Co., in which the h.p. and i.]). 
elements a;e connected in tandem to one generator and the I.j). (dement 
is a separate medium driving its own generator. The tandcan-comiiound 
element is to ojierate at ISOO r.p.m. and the low'-j)r(\ssure unit at 1200 
r.ji.rn. The ()0,000-kw\ units at tlie Seventy-fourth St. Station of the 
Interborough Rapid Transit Co. and at the ('olfax Station of the 
Duquesne Idght ('o. are of {iw, tripkM'ylinder cross-c^oiiipound type con- 
sisting of one h.j). ekancmt and tw^o Lj). ekuncnts, each driving its own 
generator. Multi-cydind('r tiirl)in(\s of 2r),000-kw. to 80,000-kw. rated 
capa(;ity arc to be found in a number of large central statiims but they 
are not necessarily limited to large units. Tlu^ T)(^ Laval Steam Turbine 
Co. has recently placed on tlu; maik(d a OOOO-kw. cross-compound impulse 
turbine geared to direct-cuirrent generators, in whi(‘h either element, is 
capable of carrying approximately lOOO kw . in (‘ase of derangement of the 
other. 

The Cross-coni pound Tnrhinc Adaptable to a Varietij oj (Conditions. Powder, July 8, 
1924, p. 50. 

210. Exhaust-steam Turbines. — Exhaust-steam turbines are prac- 
tically th(' same in design and appearance as the high-pressure turbines, 
except that the; valves and steam passages are much larger to allow for 
the greater volume cjf the low-piessure steam. JOxhaust-steam turbines 
use low-pressure steam only and are occ.Jisionally installed when there is 
an ample supply (jf exhaust st(‘am to carry the load at all times. Should 
it be necicssary to provide additional steam for an occasional failure of the 
main supi)ly, high-pressure steam is furnished through a reducing valve 
adjusted to ojkui only when the pnissure of the c^xhaust falls below a pre- 
determined amount. ln*installations where the supi)ly of exhaust steam 
is a direct function of the load, as in connecjtion with reciprocating engines 
and low-pressure turbines cariying the load in parallel, no governing 
mechanism is required for the turbine. Where there is no direct relation 
between the turbine and engine load, the usual speed-regulating governor 
is applied to the turbine. Straight exhaust-steam turbines are not in 
evidence in the modern large plant, but may be found in a number of older 
stations in connection with reciprocating engines, where increased capacity 
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was necessary and the cost of the low-i)ro.ssure turbine equipment was less 
than that of a n(‘W unit. Low-pressure turbines have also been installed 
to receive the exhaust from steam haimners, rolling mill engines and other 
a[)pliances usin^ stejiiu iiilennitteutly. In order to store up the energy 
during ])eriods of excessive^ c^xhaiist, and to lelease it during periods of 
diminished or iji1erriq)ted supply, r(‘gen(irator-accimiulators have been 
used to advantage*. Th(‘ r(*g(‘n(*ralor-accimmlaf()r, which is in effect a 
feedwater heater, absorbs tfu* la((*nt. heat, of tin* exhaust during the period 

of excess , discharge 
and i)eruiit,s the heated 
water to vai)orize at 
re.duc(‘(l pressure dur- 
ing th(i time when the 
exhaust supply is less 
than t.urbinc re- 
(luirenients. In this 
manner the flow of 
steam to the turbine 
is h(*ld sufficiently 
constant, (except whem 
the periods of regen- 
eration are too long. P^xhaust-steani turbines develop a brake hj).-hr. 
on a steam consumption of 25 to 35 lb., dei)cnding upon the initial steam 
conditions, pei* cent of I’ating cai'Hed, and th(' d(‘gre(* of vacuum main- 
tained. By e(iuat.ing first cost, cost of oj)erating, and maiiiteiiaiice of the 
low-pressure turbine e(iuij)ment with the resulting heal economy effected, 
th(^ net overall gain or loss ov(*]- that of a high-])ressine unit may be 
readily ascertained. Some idea of the enormous (piantity of water which 
must be stored in a regen(‘rator-ac(‘uinulat.or for o])erating even a small 
turbine may be gained from the following calculations: 

Let W = weight of M^ater required to opeiate the turbine for t 
min., lb. 

t = maximum no. of min. the exhaust supi)ly may be entirely 
cut off. ^ 

.s = water rate of the turbine, lb. per min. 
r = mean latent heat at regenej'alor pressure, R.t.u. per lb. 

= heat of the li(iuid corresponding to maximum temperature 
of water in regeneratoi', B.t.u. per lb. 
q-y — heat of the licpiid corrcsjmnding to minimum temperature 
of water in regeneratoi*, B.t.u. per lb. 

Then W = tsr -- {qi — q^) (190) 
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If the regenerator is to jil)sorb lb. of exhaust steam in t min. 
as in ease of a sudden flux of exhaust, the weight of water TEi required 
is ITi = Mr {q\ — q^). (190o) 

Example 42. — netx'rmine llie weight of water to 1)0 stored in a regen- 
erator to operate a oOO-hj). exliaust -steam turbine foi- iiv(' minutes if the 
steam supjfly is (‘iitirely eut off; ])ressure drop 17 It) I t lb. abs., turbine 
water rate 30 lb. per hp-lir. 

Solution. — From st(‘ajii tables and the values speeitied in the example, 
we liavt^ * 

i = 5, .s‘ - 500 X 30 (10 - 250, r - (1)(15.() + 071.0)/2 - OfiS.S, 

qx ^ 187.5, (/.. - 177.5, 

Substituting thes(‘ valu(\s in ecpiation (100) and solving 
IF = 5 X 250 X 008.8 *(187.5 - 177.5) = 121,100. 

If the i('geiierator is to absorb 2000 lb. of the ('xliaiist steam in live 
minut(\s timing a i)eriod of sudden lliix, 

Wi = 2000 X 008.8 ^ (187.5 - 177.5) 103,700. 

Theonj of Slann Accmnulotor-i and lUijrnvuthvf Proccs.sis’ 1<\ (J dawclu',, Proc. Enjj;. 
Sot*. Wes. IViin , Dec., 1012, j). 72)> 

(Fcncralmg J^oirci irilh E rhausl /hpoi Mill Kmjnin<- l^owtT I’hirU lOngrg., July 1, 
1921, p. (Wl. 

In small plants, where the investment cost of a regenerator would not 
be justifled and th(' su])jfly of low-pressure st(‘aju is equal to the demand 
of the turbine (^xe(‘i)t at iTifrefpienl intervals, low-])rcssure turbines are 
installed in eoimt'clion with a simj)le ledueing valve or etiuivaleiit. 

I'oi' a description of a- high-i)ressur(‘ aeeuniulator which has recently 
found ai)i)lication in Furope, consult iVnetr, Aug. 22, 1023, p. 322. 

211. Mixed-pressure Turbine. — Where the variation in supply of 
exhaust steam bears no ndatioii to tlie vaiious amounts retphred by 
tiic low-pressun^ turbiiit*, the latter is usually designed to imi on both 
high-])ressure and low-pressure steam, at iho same time, using all of the 
low-pressure steam available and sufficient supplementary high-pressure 
steam to carry the load. Such a combination unit is known as a mixed- 
pressure turbine, and Ixis practically supplanted the straight exhaust- 
steam machine in all modern ])la7its. The transition from all low-pressure 
to all high-pressure, through all the conditions intermediates be^tween these 
extremes, is provided for automatically by thc^ turbine governor mechanism. 
With this arrangememt, it is not necessary for purposes of eejoneuny to 
proportion exactly the low-pressure turbine to the amount of exhaust 
steam available, but within limits it may be made as large as the load 
demands. Mixed-pressure turbines have been constructed in single units 
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as large as 10,000 kw. and have practically supplanted the straight low- 
pressure design in the modern industrial plant. 

Mixed-j/rcHsiiri^ Turbine versus a New Steam Plant: Power, June 10, 1924, p. 934. 

212. Bleeder or Extraetloii Turbines. — Any type of multi-prcssure- 
stage tur])inc which is designed so that steam may l)e extracted at one or 
more points between the steam inlet and the exhaust outlet is usually 
designated as a l)leeder, or extiaetion turbine. Evidently, the larger the 
number of pressure stag('s, the greater will be the range of steam j)ressures 
at which bleeding can b(^ ettected. The bleculer turbiiui may be likened 
to a reducing valve which furnishes lower-j)ressure steam from which part 
of the heat droj) has been convert(Ml into pow('r, instead of being dissipated 
at a loss. The greater tJie ])ressure drop, the gjeater will be the power 
conversion, but tlu^ heat of the bled steam available for hc^ating j)urposes 
is not reduced })ro])ortionately. The bleedt'r turbine has solved, in the 
most satisfactojy way, th(' j)robleni of the heat balance in ])lants where, 
in addition to juechanical and electrical energy, low-])iessure steam is 
required for heating buildings, heating boiler feedwater, and process work. 
Bleeder turbines are desigiual t.o jM'rmit any amount of (extraction, from 
zero, or full expansion of all the steam, to 100 per (eent, or ])artial exj)ansion 

of all the steam to the point 
of extracetion. In some de- 
signs the entire range of 
0 to 100 per ccTit is called 
for; in others only a limited 
amount of extracetion is neces- 
sary. In the average indus- 
trial i:)lant, steam is abstrac- 
ted only from the stages where 
the pressure is above atmos- 
pheric and then only at one 
point; but in many of our 
most recently designed central 
stations, extraction is made at two to four points, with one or two in the 
vacuum zone. See Fig. 313. The steam bled from tlui turbine may be 
controlled by hand or automatically. Iland-valve control is satisfactory 
if the steam bled is ])ractically constant. If it varies (Considerably and at 
frequent or irregulai- intervals, automatic- control is the l^ett(cr arrangement. 
Figure 319 illustrates the principles of the automatic control of a Kerr 
tiu-bine. 

A specially designed bkeeder diaphragm equipped with a grid valve V 
controls the amount of steam passing through the low-pressure stages. 



Fig. 319. Bleeder Control, Kerr Turbine. 
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The movement of this grid valve is regulated bj'' the steam pressure in the 
heating system, which receives the steam bled from the tuibine. A small 
pipe connection from the ioc(*iviiig system to the opening marked I ” in 
the illustration acds ii{)oii a regulating diaphragm which serves as a pres- 
sure governor. Movement, of this diaphragm is caused by the steam 
pressure and resisted by a, (‘.oil spring 2.” Should the {pressure in the 
heating system increase, tlie rc'gulating diaphragm moves to the right 
against the pi essure of the spring. The motion of the diaphragm is trans- 
mitted to a. lever 4 ” javoted at its upper end to a second lever “ 5 ” 
and having its lower end atiacluHl to an oil j)iIot valve “3.” Movement of 
the pilot valve admits oil und(‘r i)r(^ssiire to the ])ilot cylinder, which in turn 
moves the piston aiid the giid valve coimected to the piston rod. This 
action opens the grid valve, permitting an additional amount of steam 
to pass through th(^ last stages of th(‘ t urbine, thereby reducing the pres- 
sure in the heating systcan to nojinal. By tlie (connection of lever “ 5 ” 
to lever 4,” the mov(anent of the piston rod changes the position of lever 
** 5j” returning the ])ilot valve to its neutral point. 

Should the pressure in the la^ceiving system fall, owing to a sudden 
demand for steam, pressure on tlu* regulating diaphragm decreases and 
the sirring forces this diaphragm to the left. By the connection of lever 
“ 4 to the diai)hragm, the pilot, valve is moved to the right, admitting 
oil to the pilot c^dinder and moving the pist.on to the left so as to close the 
grid valve. The closing of the grid valve permits less steam to pass 
through the low-pressure stages of the turbine and consequently forces 
more steam through the bleeder outlet into the receiving system, thereby 
raising the prcssunc to normal. The motion of the. piston and lever '' 5,^^ 
together with incr('[is(‘d pressure on the regulating diaphragm, returns 
the pilot valve to its lunitral f)Ositi()n as the pressure in the heating system 
becomes normal. 

When the pressur(c in the heating system builds up t.o its normal point 
and a gixiater amount, of steam is required to develop the rated capacity 
of the unit than is needed m the rc(c(aviiig system, the balance is passed 
through the last stages of the turbine, doing useful work. 

The turbin(c is also e(piipped with a non-return valve installed on the 
bleeder outlet. Should the flow of steam from the turbine to the heating 
system reverse, the st(^am will carry the valve up against its seat and stop 
the flow into the turbine. If for any reason this valve should fail to close, 
the speed of the turbine would increase to 10 per cent over normal, at 
which point the emergency governor would act and forcibly close the 
valve. 

In some cases, an automatic pressure-reducing valve is installed on the 
bleeder outlet to permit proper bleeder-pressure control over a very wide 
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capacity rarip;e. In such (lasos, th(^ non-ietiirn valve described above is 
replaced by an oil-operated combined non-return and pressure-reducing 
valve, which is provided with the same non-return and enuTgency trip- 
ping features as previously described but with the additional reducing 
mechanism. 

A vacuum breaker actuated by the emergency governor is installed on 
the exhaust end of the turbine, to prevent overspeeding due to low-pressure 

st(*,am backing into the tur- 
bine. 

At times when the turbine 
requires more' steam to de- 
velop 1h(! power load than 
is iK'eded iTi the healing sys- 
tem, the grid valve opens 
and pejinits low-pressure 
steam to pass into the 
vacuum stages. The extra 
power thus developcMl enables 
the turbine t.o carry the load 
with less steam, so that the 
governor shuts off a portion 
of the su])ply entering the 
tui’bine. This action of the 
governoj', togetlun- with the 
admission of steam into the 
last stage's, (aits down the 
quantity of steam entering 
the heating system and 
maintains it at the desired 
pn'ssure. 

The (uirves in Fig. 320 
show the iniluence of th(' amount of steam extracted on the total water 
rate of a lOUO-kw. bkveh'r turbine. These curves, while strictly ap- 
plicable to the particular size and d(\sign tested, are tyincal of this class 
of turbine in general. The unit water rate hi any load and for any 
amount of blec'ding, and the heat content of the bled steam may be 
readily calculated from the diagram. 

Example 43. — Using the diagram in Fig. 320, calculates the unit water 
rate of the turbine when (Udivering 500 kw. and bleeding 10,000 lb. of 
steam per hr. Ualculat-e also the heat content of the bled steam. 

Solution. — The total water rate for th(' specified conditions is found 
from the diagram to be 14,000 lb. per hr. Therefore, the unit water 
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rate is 

14,000 500 = 28 U). per kw-hr. 

The initial heal coiileni I‘(m* saturated steam at 200 11). page pressure is 
found from steam tables to be 1198 B.t.u. ])er lb. The Avork done by 

14,000 11). of steam per hr., non-c'ondensinp, is found from the diagram to 
be 375 kAv. The eorrc'spoiiding unit Avater rate is, thei c'lore, 

14,000 -f- 375 = 37.3 lb. ])er kAv-hr., and the heal eontent of the bled 
steam (see i)aragja])h 181) is 

,1198 — 3415/37.3 = 1107 (api)rox.) R.t .u. ])er lb. 

When steam is extracted from a (uibine at one or more stages betAveen 
throttle and exhaust, it is eAudent that the poAver developed by the unit 
Avill be decieased, and in order to maiiilain the same output Avith extraction 
as Avhen oi)eratijig straighi condensing, an additional (piantity of steam 
must be admitted at t he throttU‘. 

If //i = heat content of the steam at admission, B.t.u. per lb., 

He = heat content, of the steam at the point of extraction, B.t.u. 
per 11)., 

IJn = heat content of the steani at exhaust,. 

Then Hi — 7/„ — heat converted to AVork Avhen operating without ex- 
traction, B.t.u. per 11). 

He — Hn = heat conv(‘]“t(*d to Avork pei’ lb. working between the 
extraction stage and tbe exhaust. 

Therefore, for every lb. of steam extracted (77^ — 7/„) ~ {H\ — //„) lb. 
must be added to the throttle in order that th(‘ j)OAV(‘r output Avill remain 
constant. The ratio of steam added to that extracted is calknl the flow 
factor and may be expressed 

F = (77,- Ih) - (77, - Ih) (191) 

While this is a simple relationship, it is diflicult of application because 
of the variation in th(' values of 77,, 77, and 77„ in actual })ra(4ice. Any 
extraction or addition of steam over straight o[)eration Avill alter the 
values of these (plant, it, ies becaust; of the changes in pressme, velocity and 
quality. Even whim the vai*ious stage efTiciencies ar(‘ known for different 
steam conditions and loads, the (Mermi nation of the heat content at the 
points under consideration involves laborious calculations. 

Example 44. — 20,000 lb. of si, earn are to be extracted from the 28-lb. 
abs. stage of a 20,000-kw. steam turbine Avhen operating at rated load. 
Determine the Aveight, of steam which must b(i added at the throttle in 
order to develop the rated capacity under full (Extraction. Initial pressure 
265 lb. abs., superheat 250 deg. fahr., vacuum 0.5 lb. abs. Assume that 
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the superheat, at the point of extraction is 25 dog,, fahr. and that the 
quality at exhaust is 0.92. 


Solution. — From steam tables, Hi — 1340.5, II ^ for 28 lb. abs. and 
30 deg. superheat = 1175.1 and //„ for 0.5 lb. abs. and 0.92 quality = 
1010. Substituting these values in equation (191) and solving 


F = 117^1 


1340.5 - 1010 


^-^ 0.5 


Steam to be added = 20,000 X 0.5 = 10,000 lb. 

The water rate without extraction = 3415 (1340.5 — 1010) = 10.3 

lb. per kw-hr. 

The water rate with full extraction is 

(10.3 X 20,000 + 10,000) 20,000 = 10.8 lb. per kw-hr. 

These values are only approximate, siiu^e tlu^ effieicMicic's of the various 
stages will vary with the amount of extraction and th(‘ addition of make- 
up ” steam. 

Steam Bleeding ami Turbine Perjonuance Moch. , D(‘(‘. ‘ifi, p. 1144. 


213. Efficiency and Economy of Steam Turbines. — A general com- 
parison of the water rates of piston engines and steam turbines is very 
unsatisfactory because of the diversity in operating conditions. In a 
general sense the piston engine is more econoiniciil in the use of steam 
than the turbine for non-condensing service and the reverse is true for 
high-pressure, high-vacuum, condensing service. Condemsing engines of 
the uniflow or poppcit-valve type have shown sui)erior economy (under 
favorable conditions) to the turbine for sizes up to 3000 hp. and in some 
instances up to 5000 hp., but heat economy is only one of the many factors 
entering into the ultimate cost of power. ¥or high-pressure condensing 
service in connection with electric drives, the turbine is in a class of its 
own for capacities over 3000 hj)., and piston engines above this size are 
seldom found in the modern central station. A conij^arison of the curves 
in Fig. 280, showing typical economy curves of high-speed single-valve 
non-condensing engines, and of Fig. 321 showing the performance of non- 
condensing steam turbines, is somewh.at in favor of the piston engine, the 
difference decreasing as the size of unit increases. A similar comparison 
of the performance curves of compound single-valve,’ single-cylinder 
four-valve, and compound four-valve non-condensing piston engines with 
those of steam turbines of the same size show marked increase in economy 
in favor of the piston engine. For sizes between 2000 and 6000 hp., there 
is little difference between the steam economy of the very best grade of 
piston engine and that of the turbine. Piston engines above 7500 kw. 
have not been built for central station sei-vice; hence a comparison with 
the turbine for larger sizes is impossible. The Manhattan type at the 
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Corrootions for fractional loads. — Increase full load water rate as follows: \ — 

20 %; 2 - 8 %; 1 - 0 %; 11 - 5 %. 

Corrections for initial pressures. — 175 Ih. deduct 3%; 200 lb. deduct 5%; 125 lb. 
add 5%; 75 11). add 20</o. 

Corrections for increased back ])ressiire. — Acid for each lb. back pressure 2(X) lb. 
— 1%; 175 11), — 11%; 150 1b. — 11%; 125 11).— 2%; 1(K) lb.— 2i%; 75 1b.— 

Correction for superheat. — Subtract l^o for each ten dciprecs superheat up to 200 
degrecis. 

Fig. 321. Average Water Hates of High-grade Small Noii-condcnsing 
Steam Turbines. 



Corroctlons for fractional luads - IncroaBo full water rates as follows - — 10%: 

1 - 0 %. 

Corrections for initial proHsurea.' 175 lb i^ai^e deduct 2%, 200 lb. deduct 3%; 

12.7 lb add 2K%, liK) lb. add 5%, 7.0 lb. add 10%. 

CoTToctions for decruased vacuum.- 27-id add 8%, 20-id, add 15%. 

Corrections for superheat.- Deduct 1% for each de^ sup up to 100 dcg. F; 
deduct 1% for each IG>^ doff. from 100 to 200 dog F. 

Pig. 322. Typical Performance Curves of Small Condensing Steam Turbines. 
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Seventy-fourth Street Station of the Interborough Rapid Transit Co. 
represents the largest ])ist()n engines (7500 kw.J ever eonstrueted for 
central staiinn s(;rvi(‘(i. Th(' heat (amsuniption of these engines is con- 
siderably more than that of the modern turbo-generatoi- of the same 
capacity. 

Except for prime movers operating on the straight Rankine cycle, 
water rate\s, or heat suj)j)li(‘d i)er unit outj)ut, offer no measure of the 
relative heat economii^s since the heat added or abstracted between 
throttle and condens(;r must also be taken into (;ojisideration. In fa(^t, 
the only ti-ue coni])aris(ni involv(‘s the entin^ station heat balance and 
not merely ilie performance of the prime movers. 

Thermal Effincncy of Large Steam Tuthine.s: Power, July 2n, 1021, j). 170. 

Steam turbin(\s aie usually sold on a gualantee basis, that is, the par- 
ticular machiiK' in (pK'stion is guaranteed to deliver the* reciuired power 
on a certain steam consumption under specified conditions. After being 



Ficj. 323. Economy Test of 30,000-kw. Curtis Turbine. 


installed it is frequently found that the steam conditions are dilTcrcnt 
from those specified in the contract. In order to ascertain wh(‘ther or 
not the actual performance under existing c.onditions meets with the 
guaranteed pcrfoij nance under contract conditions, it is customary to 
correct the t(;st results. This correction ds customarily made by 
finding partial coirections for pressure, superheat, and vacaium, and alge- 
braically adding them to the test results. The partial corrections are 
obtained either from actual tests of machines similar in size and design 
to the one under consideration or indirectly from efficiency calculations. 
In either case the correction factors should be mutually agreed upon by 
the contracting i)arties before^ the acceptance tests are made. The curves 
in Fig. 325, though strictly applicable to the particular machine specified. 
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are characteristic of turbines in general and illustrate the usual fonn of 
'' standard correction curves.” The application of these curves is best 
illustrated by an example. 



Pig. 324. Economy Test of ()0,0()0-kw. Westinghousc Compound Turbine. 

Example 46. — A 125-kw. turbo-generator is guaranteed to deliver full 
load on a steam consumption of 22.4 U). i)er kw-hr., initial pressure IbS 
lb. abs., 125 deg. superheat, vacuum 28 in. referred to 30-in. barometer. 


Bteam Pressure, Lbs. per Sq. In. Absolute 



Fig. 325. 

During the acceptance test the machine delivered the rated load on a 
steam consmnption of 23 lb. per kw-hr., initial pressure 180 lb. abs., 160 
superheat and 25-m. vacuum. Using the curves in Fig. 325, show whether 
or not the acceptance test meets with the guarantee. 
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Solution. — FroTii curvn B, wn find that th(i steam consumption at 
ISO lb. presHuro is 24.1 and at lOf) II). 24.7 lb. per kw-hr.; therefore, the 
test water nite should be incr(;ased 24.7 — 24.1 = 0.0 lb. to give thee(juiva- 
lent at 105 lb. From (*urve T the water rate at 100 deg. su])erheat is 24 
lb., and at 125 dc'g. 22. (i lb. jier kw-hr.; therefore, the test water rate 
should l)e increas(‘(i 24 — 22.0 = 1.4 Ib. to give the equivalent at 125 
deg. From curvi' B the water rate at a 25-in. vacuum is 28 lb. and at 
28-in., 25 lb. per kw-hr.; tlKMefore, the test water rate should be decreased 
28 — 25 = 13 lb. to give the (‘(|uivalent at 28 in. The net corrected water 
rate is 23.0 + 0.() + 1.4 — 3.0 = 22.0 lb. per kw-hr. against 22.4 lb. as 
guaranteed. 

Manufacturers fi’crpiently use percentage correction factors similar to' 
those printed in the legend of Fig. 325. The accuracy of the “ corrected 
results depends, of cours(% upon the care with which the factors or curves 
are compiled. As ii rule, the corrected water rate is an approximation 


Load In Thouflands of Kilo watte -for Vactniin Correction only. 

12 14 Ui IH 20 22 24 2(5 2H 30 



;160 170 .180 100 200 210 220 230 240 260 


.Absolute Presaure-Lb. per Sq. In„ 


Pig. 326. C4)rrefttion Eactors for ii 30,0()0-kw. Westingliouse Cuini)ouncl Turbine. 


only, and decidedly so when te.st c.onditions depart considerably from those 
for whicli the turbine was designed. 

The overload cajiacity of any ])rime movei' dtqicnds entirely upon the 
designation of the rap'd load. The maximum economy of the average 
piston engine li(\s between 0.7 and full load, and for this reason the rated 
load refers usually to this maximum economical load. Evidently, if the 
engine is rated under its maximum possible output, it is capable of no 
overload. Under the existing system of rating, the average counterflow 
piston engine is eafiable of operating with overloads of 25 to 50 per cent, 
and some designs of uniflow engines as high as 150 per cent. According 
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to the old rating, the steam tiu’hine was c*a])iiblc of overloads ranging from 
100 to 200 per cent and mu(*h (‘onfusion arose in determining the station 
load factor. C'urrent turbine juactice gives as the normal rating the 
maximum continuous load which ('an be carried for twenty-four hours. 
Since all modern turbines are designed for a point of b(\st steam e.on- 
sumption somewhere, regardless of what their rating may l)e, the actual 
rating means little. 

Because of the various uses to which turbiiu^s arc applied and (m acc.'ount 
of the extreme variat ion iii (U'sign, general rules for approxiimitlng the cost 
of turbines are without. pur])os(‘. \'alu(\s l)ased on lated capacity vary 
within such wide limits that average figures are apt. to lead to serious 
error. In a general sc'iise, steam turl)ines are lower in first (ost thaji 
steam engines of (Hpiivalent rated capacity, irrc'Sjx'ct ive of siz(\ 

Although the tuihiTie is comi)os(^(l of a la,rg(‘ numf)er of parts as com- 
pared with a reciprocating engine of the same capacity, there are few 
moving parts and rul)bing surfai'es. The only cont.ac't between rotor and 
stator is in the main Ix^arings, and the probkan of lubrication is therefore 
a simple one. The absence of pistons, stuthng box(\s, dash i^ot.s, etc., 
reduces the cost of maintenanc'e and a.tt('iidanc(' to a minimum. 

The floor space reciuired by i)r‘actical!y all typ('s of turbines is con- 
siderably less than the s})ace rcMiuin'inents of ])isl()n (uigines. Vcni.ical, 
three-cylinder, compound, Corliss (‘iigiiK's of the N(*w York hklison type 
reciuire the least floor si)ace of any large slow-sp('('(l recii)rocatiTig (mgijies, 
but take up about. twic(‘ tla^ s])ac,e of a modern t.m bine installation of the 
same size. With non-(‘ond('nsing high-speed (aigiiu's the comparative 
economy in space is less nuirked. The average' floor space oc.caipied by 
large turbine units is approximately 20 per cent that of (‘iigiiu' units of 
equivalent capacity, but si)ecific cases may be cited in whicli the ratio 
varies widely from the average. In the modei*n c('ntral station tlk^ actual 
space reduction per kilowatt of plant rating is much less than that referred 
to the prime mover only, because of the tendcaicy toward less crowded 
conditions. 

The weight of the steam turbine is veiy small compmed with a recii)ro- 
cating engine of the same horsepower. The New Yoik Edison type of 
engine and generator weigffls morc^ than eight tiirjes as mucdi as a turbine 
installation of equal capacity. The turbiiu*, for this reason, and also 
because of the total absence of reciprocating parts, recpiires a ndatively 
light foundation. In many instances the foundation consists of steel 
beams with concrete arches sprung between them resting upon the floor, 
and the basement underneath may be used for the condenser instead of 
the massive foundation ret^uired for the reciprocating engine. 

Character! at ic Curvea of Steam Turhiriea: Power Pljint, Eiigrg., Aug 1, 1924, p. 797. 
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TABLE C4 

GUARANTEED PERFORMANCE OF A NUMRER OF LARGE WESTINGHOUSE TURBO- 

Al/nORNAToriH 


SUitioTi 

No. of 
Cylin- 
der H 

1 

Til rot' 
llo 

Fit'm- 

Hine 

Jdi. 

Claiio 

T lirot- 
tlo 

'J'oiii- 

peniture 

Ogr. 

Fulii 

Rack 
I’re.'t- 
suro 
In IJg. 

It p III. 

Hided 

C’liparily 

H\v. 

Most. 

( 'apacity 
Kw. 

Water Rate 
per Kw.-hr. 

Hated 

Capac- 

ity 

Moat 

Ea- 

nent 

Capac- 

dy 

Hjirbcidos 

2<sr) 

017 

1 5 

l,K0O 

20,000 

16,000 

10 84 

1 

10.75 \ 

Radii' Greek. 

1 

200 

588 

1 

l.KOO 

20,000 

2,000 

10 65 

10.65 

Ciiliiiiirt 

1 

1 

m 

;ioo 

20:) 

M7 

1 

1,*200 

37,000 

30,000 

9 94 

9.82 

Cuihokiii 

700 

1 

1,800 

35,000 

30,000 

9.91 

9.78 

Colfax 

1 

025 

1 

1,800 

30,000 

22,500 

10 25 

10.24 

(k)Ifax 

2 

205 

585 

1 

1.8CK) 

60,000 

50,000 

10 79 

10.58 

Crawford 


550 

725 

1 

1,800 

50,000 

50,000 

7.56 

7.50 

Devon, C>oMn.. 

1 

285 

017 

1.5 

18,000 

20,000 

16,000 

10.85 

10.70 

Craiid T()W('r. . 

1 

;i50 

700 

1 

1,800 

20,0(K) 

1(),(XK) 

9 90 

9.75 

Hell Gate . . . 

2 

250 

(>07 

1 

12,000 

40,000 

28,000 

10 90 

10.40 

Kearney . . 

1 

a25 

700 

1 5 

1,800 

3,5,000 

30,000 

9 79 

0.75 

boa Angel ew. .. 

I 

;i50 

700 

1 

1,800 

30,000 

26,250 

9.49 

9.44 


214. Influence of Initial Pressure and Temperature. — Tho great 
majority of steam power plants are operating with steam pressures below 
250 11). per sq. in, gage and temperatures below 650 deg. fahr., and, with 
the exception of the large central stations, tliese limits are not likely to be 
exceeded in the immediate future. Circat improvement in overall station 
economy has been effected under these conservative pressure and tem- 
perature conditions by eliminating many of the losses formerly considered 
unavoidable, and to-day we have plants which are operating continuously 
with overall thermal efficiencies of 19 per cent as against 15 per cent of the 
plant of a decade ago. The tendency in the modern large central station, 
however, is toward higher and higher pressures and temperatures; plants 
are now in operation with initial pressures of 550 lb. gage and temperatures 
of 750 deg. fahr. at tho turbine throttle, and a number have definitely 
planned to use steam pressures up to 1200 lb. per sq. in. In fact, an 
experimental plant is under construction in England in which it is pro- 
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posed to generate steam at 3400 lb., somewhat above the critical pressure. 
A study of the Rankine cycle and the performances of the latest stations 
employing pressures of 400 lb. gage and teniperatur(\s of ToO deg. fahr. 
shows that there is little net advantage in exceeding these limits for prime 
movers operating on the sti'aight Rankine cycle. With the practical 
temperatures limited to 750 to 800 deg. fahr., the; increased range of ex- 
pansion causes the steam to become saturated too eaily to ])ermit the 
lower stages of the turbine to perform theii* function most advantageously. 
However, by.rehejiting the steam about midway of th(‘ total expansion 
and by bleeding the turbine at various points for feedwater heating, the 
gain due to iruTeased piessures is such as to warrant th(' adoption of pres- 
sures far above that found in the average jdant. This intermediate re- 
heating of the steam between stages and l)le(Hling for heating purposes 
places the operation of the turbine in a c.yck; other than the straight 
Rankine. 

Bectiuse of the limitation of the Rankine cycle and the impracticability 
of the Carnot eyedt;, a number of other cycles have been proposed which 
offer higher theoretical and probal)iy higher (*oinmercial (dficiencies than 
the former. At the present writing (1924) there ar(‘ many !•(' volutionary 
power-plant designs under coTisideration, and while these give promise of 
exceptional operating results specific data will not lx; available until the 
plants have been operated for some time. The new projects arc based on 
the 

(1) reheating cycle 

(2) regenerative; cycle 

(3) reheating-regenerative cycle. 

Reheating Cycle. — In this cycle the steam is withdrawn from the tur- 
bine after it has been partially expanded and reheated. The amount of 
heat added is sufficient not only to dry but to supeiheat the ijartially 
expanded steam, thereby inci-easing the hydraulic; efficiency in the lower 
stages. The steam is then returned to the turbine and expanded to con- 
denser pressure in the usual manner. In some of the new jdants, steam 
is to be generated at about 550 lb. gage prr;ssure with a temperature of 
about 700 to 750 deg. fahr. "and passed through the high-pressure element 
of a compound turbine. The exhaust from the high-pressure element is 
reheated in a superheater, placed inside the boiler, to initial temperature, 
and returned to the low-pressure cylinder. In two jffants now under 
construction, steam is to be gemerated at 1000 to 1200 lb. gage and 725“ 
750 deg. temperature and expanded through a small turbine to a pressure 
of 300-375 lb. gage. The exhaust from this high-pressure turbine is re- 
heated to 725-750 deg. by a superheater placed in the boiler, and then 
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Ratio of I{t iiiij ]'n«ssur»' 
to ThroltU- I'lcs'iiiro 

Fk;. 327. EfTicic'Ticy of 
lioliofitinpf ( ^ (‘I(‘. 


(lisc.harRCcl into the main tur])inc header. The efficiencies of the reheating 
cycle for various throttle pressures and reheating pressures as computed 
by C. F. Hirshfeld and F. (). Elleiiwood arc shown in Fig. 327. The 
curves in F'ig. 327 are ])as(‘d on initial or throttle temperatures of 700 

d(‘g. fahr. and exhaust pr(\ssurc of 1 in. Hg. abs. 
The j)oints of maximum efficiency for each 
tlirot-tle prcssim^ are connected by a dotted line 
so that the relatifjn b(‘(Ave(ai throttle pressure 
and repeating pressure for maximum cycle 
efficiency are readily determined. The influ- 
ence of the number of sta,g(\s on the efficiency 
is shown by the curves in Fig. 32S. These 
curve's, while ^trictly ai)])licable only to the 
s])ecific conditions involved, an' general insofar 
as the general characte'risiics are concerned. 
Tt will be s(H'ii that tlu; gain for more than 
thr(*(' stages is negligibh'. (Calculations for the 
reheating cycle will be found in i)aragraph 403. 

Some enginef'rs are of the o]nnioTi that- the 
comjdication and expense of reheating is un- 
warranted and that satisfa(4.ory if'sults may be 
obtained by removing part of the condensation within the dew-point stage 
of the turbiiK' by means of some moisture-separating device and return- 
ing the moist ur('-free steam to the turbine. This solution is simi)le and 
cheap but data as to the' actual perform- 
ance of such an arrangc'ment- an* not 
available'. 

Rcqvncrativi’ Cycle. — In this cycle the 
condensate from the turbine is jRissed 
through a series of feedwater heaters in 
which it is heate'd by steam bled from 
diflerent- stage's of the tui’bine from which 
it has just emerged as condensate. With 
an infinite number of such feedwater 
heaters, the condc'nsate could be brought 
up to boiler tc'inperature. J<\)r constructive 
and operative reasons, it. is impractical to use more than four stages, so that 
the ideal cycle can only be approximated. With the present type of 
turbines, it api)ears tfiat- this ap])roximat.(^ regenerative cycle is the best to 
use in large stations since it gives high heat economy, has good operating 
characteristics, and the first cost is not excessive. This is particularly 
so for pressures above fiOO lb. gage. A comparison between the theoretical 
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Fig. 328. Influence of Number of 
Stages in Reheating C\ycle. 
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thermal efficiency of the Carnot cycle, the Uankiiu' cycle, and a regenera- 
tive cycle using saturated and superheated steam for various initial lU’es- 



surcs and temperatures is shown in J''ig. 329. 
cycle used in Fig. 329 is ana- 
lyzed in paragraph 304. Tt will 
be seen that the regeiierative 
eyerie follow'S very clos(‘ly the 
efficiency of the Carnot, cycle, 
while the Rankine cycl(‘ falls 
below the Carnot cych' iner(‘as- 
ingly with t he rise of jiressure. 

Figure* 330 shows the rela- 
tion between throttle i)ressure 
and temperature and the 
bleeding tem})('rature to give 
maximum efficiency on a ve- 
generativc cycle in’ 0 })osed by 
Hirshfeld and Ellenwood (sec 
paragraph 404). There * are 
several stations in this country 
operating on a modified re- 
generative (^ycle in which the 
turbine is ))led at one to three 
points, and a number are in 
course of construction. Cal- 
culations for the regenerative 


Tlu* j^arti(‘ular rtigenerativc 



Fifj. 330. Mnximum Efficiency and Oorrospond- 
iiif? niiMidiiiK 'JViiiperature of Rcf^caierative 
f\cle. 


cycle will be found in paragraph 404. 





49t) 


vSTlOAM POWER PLANT ENGINEERING 


Reheaiing^regenerative Cycle. — The bleeding process improves the effi- 
ciency by transferring energy within the cycle, and the reheating process 

adds energy where its 
availability for work is 
high. It would appear, 
therefore, that a com- 
bination reheating-re- 
generative cycle would 
have some, advantages 
over any of the others 
mentioned. The curves 
in Fig. 331 show the 
relation between theo- 
retical efficiency and 
initial pressure for vari- 
ous cycles, in which the 
conditions are as fol- 
lows; Steam conditions 
A to F inclusive — in- 
itial temperature 750 deg. fahr., back pressure 1 in. Hg. Steam conditions 
for ( 'urve If — initial temiierature 1000 deg. fahr., back pressure 1 in. Hg, 
Bleeding points — 240 deg. fahr. or 25 
lb. in one-stage cycles; 280 and 180 
deg. fahr. or 50 lb. and 7.5 in. Hg. in j 
two-stage (!y(‘les. The probable turbo- “1 
generator efficiencies or efficiency ra- 5 
tios for the various cyc‘lcs with varying | 
pressures are shown in Fig. 333. It J 
will be noted that the efficiency de- ^ 
creases with the increase in initial ^ 
pressure foi‘ all cycles but is less pro- ^ 
nounced with the reheating cycle. g 

Reheating in Central Slntunm. W. J. iS 
WohlcnluTg, JNlc'ch. Engrg., May 1924, | 

p. 259. 

The available energy pei* cu. ft. of 
exhaust steam is important to en- 
gineers, in that it is a partial measure 
of the relative sizes and c*osts of 
turbines required to give the same 
power when operating on the different cycles. The curves in Fig. 332 show 
the superiority of the regenerative cycle for the conditions indicated. 



332. Available Energy per Cu. Ft 
of Exhau.'^t Steam. 



A. 
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For the ordinary low-load-factor plant, it is doubtful if pressures and 
temperatures higher than those now in use will be commercially more 
economical, because of the increase in investment and plant complication; 
but for basc-loa(i jilants greater investment is justified and many of the 
present revolutionary designs may 
be standard practice in the not 
distant future. Sec also pai’agraph 
372. 

215. Influence of High Vacua. 

— The possilde economy of the 
reciproc.ating engine is greatly" re- 
stricted by its limited range of 
expansion. Cylinders cannot ))e 
profitably designed to accommo- 
date the rapid iiKa’case in the 
volume of steam when expan (1(^1 
to very low pressures. For ex- 
ample, the specific volume of 1 
lb. of steam under a vacuum 
of 29 in. (referred to a 30-in. 
barometer) is about ()()7 cu. ft., 
or nearly double its volmiKi 
under a vacuum of 28 in. Usu- 
ally the exhaust is opened at a 
pressure of G or 8 lb. abs. and consequently a large proportion of the avail- 
able energy is lost. The lower vacuum in tlu'. exhaust pipe, therefore, 
serves only to diminish the Ijack pressure and does not aficct the com- 
pleteness of expansion. lOven if it were i)ra(*tical to expand to 1 lb. abs., 
the increased condensation in the reciprocating engine would probably 
offset any gain due to expansion unless the steam were highly superheated. 
A study of a number of tests of reciprocating engiiu's shows but a slight 
improvement in overall plant economy du(i to incieasing the vacuum 
beyond 26 in. Tests of steam tuibincs show a dcKnease in steam con- 
sumption of about 6 per (xmt for each inch of vacuum Ix'tween 25- and 27- 
in. vacuum, 6 per cent bettveen 27- and 28-in. and 8 to 12 per cent between 
28- and 29-in. These values are approximate only, since the influence 
of vacuum on the steam consumption varies greatly with the type and 
size of turbine. 

Since the volume of the steam increases very rapidly with the decrease 
in back pressure, the corresponding capacity and power required by the 
air and circulating pumps becomes proportionately larger. There is 
consequently a point where the improvement in steam economy fails to 
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exceed the increased power deruanded by the auxiliaries. This is illus- 
trated p;ra])hically in Fip;. 334. The values in Fiji;. 334 refer to a specific 
case only, but tlu^ p;eneral i)rinci}>le is tlic same for all conditions. In the 
older types of condfmsinp; o(]uipment, the cost of Jiiaintaininfi; the vacuum 
above 27 in., refern^d to a 30-in. bai'ometer, incmiscnl v-ery rajndly with 



Fic;. .‘{31. Influonce of Vacuuni on Cost of Power. 


the increase in vacuum. In the modeiTi jdant, vacua amounting to 97 
per cent of tlu^ thcorotic^al maximum (as determined b}^ the temperature 
of the cooling wat(M) are n^adily maintained without ex(‘.essive cost. 
This influence of vacaium on the (economy of a 30,()()()-kw. turbo-alternator 
is shown in Fig. 334. 

Modern Tvndoicus in Sirnm 7'nrhine l*fnnis: Merli Engr^., Oet. 1021, p. 577. 

50,000 Kw. Comfmnnd I^irsons Turbine for the (Wawford Avenue Station: Power, Nov, 
4, 1924, p. 72S. 

* 

Considering the thermal efficiency of the steam-turbine electrics unit as 
the ratio of tlu' heat ecpii valent of the energy delivered by the generator 
to the busbars, to the heat content of the steajii supplied to the turbine 
less the heat content of the condensate returned to the boilers, the progress 
made in tlie efficiency of such units in the United States from 1903 to 1924 
is substantially as follows : 
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("onsideriiip, the thennjil (‘fRcieiicy of the (‘iitire ])laiit as the ratio of 
the heat eciuivalent of a kw-hr. (15410 B.t.u.) (o lh(‘ head value of tlie eoal 
consumed per kw-lir., the improvement in ov(‘rall |)lant effieitaiey during? 
the past 20 years is su})st, antially as follows: 
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PROBLEMS 

■ 

1 . Steam expands adiabatirally in a fnctioiit'ss nozzlo from an initial pressure of 
200 lb. per sq. in. abs., superheat 2(K) de^- falir., to a back j)ressure of 1 in. abs., weip^it 
discharged 7200 lb. per hr.; recpiired: 

a. Velocity of the jet at the throat. 

b. Maximum spouting velocity. 

c. T3iameter of the 1 hroat. 

d. Diameter of the mouth. 

e. Quality of the steam at the mouth. 
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2 . If the j(it in J^robloni 1 iniijing(\s tangentially against a set of moving vanes and 
leaves them with residual velocity of 500 ft. per sec. required' 

а. Velocity of the vanes, neglecting all friction and leakage losses. 

h. IIorsepowiT inqiarted to the rotor. 

c, I'^irce excTted against the vnnc's. 

d. Wat(‘r rate, lb. [ler hj)-hr. 

3 . Same conditions and naiuinanents as in Problems 1 and 2 except that the energ^^- 
cfficiency of the nozzle is 01 ])(‘r cent and the loss of energy between inlet and exit of 
the vanes is 15 jict ceni of the total heat drop. 

4 . If tli(^ nozzle in ProljUan 1 is to be u.sed in eonneetion with a multi-pressure 
steam turbine, rectuired the theoretical nundier of stages iiiicessary for a peripheral 
velocity ot 500 it,, jier .si'c. Jet irnjhnges tangentially against the rotor and all of the 
available energy is absorbed in driving the rotor. 

б. A single-stage imfiulse turbine (Ih* Laval type) develops 200 hp. under the fol- 
lowing conditions' Initial pressure 15J lb. abs.,^l)aek pressure 4 in. abs., superheat 
50 deg. fall!’., water rate 14.4 lb. per hp-hr., nozzle angle 20 deg., jieriplK'ral velocity 
of the rotor 1200 ft. jiei see. Required: 

a. Thermal efficiency. 

h. Uankine cycle ratio, 

r. H.t.u. per hp. per min, 

« 6. (kinstruct the theoretical velocity diagram for the conditions in Problem 5 and 
sketch in the bladi' outhni's. 

7 . CVinstruct the theoretic^al velocity diagram for a 75()-hi)., 2-stage C'lurtis turbine 
0])erating under the following conditions: Initial pressure 175 lb. abs., siipi^rheat 150 
deg. fahr., back pi'C’.ssun* 2 in. abs , Rankinc cycle offieicney 05 jier cent, nozzle angle 
20 deg., perijiheral velocity 500 ft. jior .see. Each stage consists of two rotating ele- 
ments and one stiitjonary ideniont. 

8 . Construct the vidoeitv diagram and ealeiilate the work done j^er stage in a fric- 
tionle.s.s reaction turbine for the following conditions: Heat, drop ])er stage, 10 H.t.ii. 
per lb. of steain, periphernl velocity to be the maximiiin theoretically po.ssible for tlie 
given eomlitions, exit angle JO deg., entrance angle 0. 

9. Dt^terniine thi; weight of water to be stored in a regenerator to operate a 1000-hp. 
exhaust steam tiiibine for 0 minutes if the steain siipidy is entindy cut off; pressure 
drop 15 to 12 lb. abs., turbine water rate 28 lb. per hji-hr. 

10 . A JOO-kw. non-condensing turbine o])erating on steam superheated 100 deg. 
fahr., 150 lb. gage initial ])ri5ssure and 2 lb. gage back pressure furnishes current for power 
and lighting. If the Rankine cycle ratio at. full load is 45 jmt cent fe.hp.ba.sis) and the 
no-loa<l steain coiisuiuiition is 12 jier cent of that at full lo;ul, determine the probable 
water rate at one-half, thri'e-quarters and full load operation of the unit. 

11 . Ten thousand 11). of steam are to be extracted^ from the IS-lb. abs. stage of a 
20,000-kw. turbine when ojierating at full load. If the initial pressure is 200-lb. gage, super- 
heat 150 deg. fahr. and vacuum 28 in., determine the weight of steam which must be 
added to the throttle in order to develop rated capacity under full extraction. Assume 
the quality at extraction to be 10 per cent higher than for adiabatic expansion and that 
at exhaust, 15 per cent . 

12. Approximate the water rate of the turbine with full extraction. 

For problems on the reheating and regenerative cycles, see end of Chapter XXIIL 
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CONDENSERS 

216. General. — The pmniiry object of coiideiisiiiff is tbo reduction 
of back pressure, although the recovery of the conckuisate may l)e of 
equal importance. If a s' veil volume of saturated steam be (foiitiiied in 
a closed vessel, abstraction of,heat will result in condensation of part of 
the vapor with a corresponding!; drop in teiiqierat.ure and pressure. The 
greater the amount of heat abstracted, the greater will lie the amount 
condensed, and the lower will b(‘ the, temjierature and jiressui'e. All of 
the vapor can never be condeii.sed in practice, .since this would necessitate 
a lowering of the temiierature to absolute zero, or 492 degrees below the 
fahrenheit freezing iioint; consequently, thi! iiressiire can never be ri;- 
duced to zero. With water as the (iooling medium, the minimum tem- 
perature to which the vapor can be reduced is 112 d(!g. fahr., corresponding 
to a pressure of 0.0886 lb. per sip in. or 0.1804 in. of mercury. This 
represents, therefore, the lowe.st conden.ser ])ressure jiossible in practice. 
Condensing results in reduction of prc.ssure only when the vapor is con- 
tained in a closed vessel. Thus if the ves.s(‘l is open to the atmosphere 
heat abstraction will result in condensation, but flic pi-essurc will not 
fall below that of the atmosphere. 

The standard atmospheric jiressure at .sea level and at latitude 45 
degrees is 14.6963 lb. per sip in., corresponding to a mercury column 
29.921 in. in height, temperature of the mercury 32 deg. fahr. For any 
other temperature there will be a corresponding height of column bccairse 
of the expansion or contraction of the mercur>". Steam tables arc based 
on a standard pressure of 29.921 in. of mercury at 32 deg. fahr. and for 
this reason it is convenient to transfer the observed barometer and mer- 
curial vacuum gage readings to the 32-degree standard. 

The mercury column correction for any change in temperature may be 
closely approximated by the equation 

h = h^[l - 0.000101 (b - 0 ] (192) 

in which 

h = height of mercury column corrected to temperature t, 

hi = observed height of mercury column, 
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t\ = o])Herved temperature of mercury column, 
t = temperature to \vhi(di column is to be referred. 

Example 47. — If the heip:ht of mercury in a vacuum is 28.52 in., 
temf)erature 80 dep;. fahr., and the barometer column is 29.85 in. in height, 
temj)erature 02 deg. fahr., transfer the readings to the 32-degree standard. 

Solution. — P'or the barometer; 

h = 29.85 [1 - O.OOOIOI (02 - 32)1 = 29.77 in. 

For tlic^ vacuum gage; 

k = 28.52 [1 - O.OOOIOI (SO - 32)] = 28.37 in. 

Absolute l)ack pressure = 29.77 — 28.37 = 1.40 in. 

Vacuum referred to 32-d(ig. standard = 29«92 — 1.40 = 28.52 in. 

In condenser work, it is common practice to r(4er the reading of the 
vacuum gage to a 30-in. l)arom(‘-t(a’, in which cas(^ it is necessary to in- 
crease tli(^ standard t(^nii)(‘rature of tlu' nuMcury l-o such a figure as will 
increase the height of tht‘ barometer from 29.921 to 30-in.; viz., 58.15 
deg. fahr. Thus, if the baroiiHiter and vacuum gage n'adings ar(i corrected 
to a tem])eratui'(' of 58.15 deg. fahr. the diffenmee between the figures 
will give the absolute' [nessun' in in. of mercury at 58.15 deg. fahr., and 
if the difference' is subtrncteel frean 30 in. the re^sult. will give the inches of 
vaeaium referrenl te) a 30-in. barometer. Acce)reling te) A.S.M.IC., 1915 
Power (k)ele, a 30-in. bareaneter refeis in rounel Tiumbcrs to a stanelarel 
atiuosi)hore with mercury at an e)relinary tean})orature^. e)f ()8 deg. fahr. 


TABLE 05 

ruEsscKio OK \eii'K(a's \apor 

IN. OK MEIK’ITRV REFERRED TO 30-1 N. RAROMETER 


Opr. 

Fahi . 

0 

■ 

2 

3 

4 


fi 

7 

s 

n 

30 



0 LSI 

O.ISK 

0 190 

0 204 

0 212 

0 221 

0 229 

0.239 

40 

0 24S 

0 25S 

0 20S 

0 279 

0 290 

0 .301 

0 313 

0 325 

0 337 

0.350 

50 

0 3(;3 

0 377 

0 391 

0 400 

0.421 

0 437 

• 0 453 

0 470 

0 487 

0 505 

60 

0 523 

e) 542 

0 501 

0 581 

0.002 

0 024 

0 0)40 

0 009 

0 092 

0.716 

70 

0.741 

0 7()ei 

0 792 

0 819 

0.847 

0 875 

0 905 

0.935 

0 966 

0.998 

80 

1.032 

1 0()() 

1 101 

1 137 

1.174 

1 212 

1.251 

1 292 

1 334 

1.376 

90 

1 420 

1 405 

1 511 

1 559 

1 .008 

1 059 

1 710 

1 703 

1 817 

1 873 

100 

1 93 

1 99 

2 05 

2 11 

2.17 

2 24 

2 31 

2 38 

2 45 

2.55 

110 

2.59 

2.07 

2 75 

2 83 

2 91 

2 98 

3 08 

3 17 

3.20 

3 35 

120 

3 45 

3 54 

3 Ot 

3 75 

3 85 

3 90 

4 07 

4 18 

4 29 

4 41 

130 

4.52 

4 05 

4 77 

4 90 

5 03 

5 17 

5 30 

5 44 

5.59 

5 74 

140 

5.89 

0 04 

0 19 

0 36 

0 53 

0.09 

7 04 

7.22 

7.40 

7.58 
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Example 48. — Height of nion^ury in vacimin 28.52 in., tempera- 
tiirc of inereury 80 cleji;. fahr., haroineter 29.85 in., temperature 42 deg. 
fahr. ; determine the vaeuuni referred 1o a 30-in. baruiiu^tcT. 

Solution. — For the vacuum gage 

h = 28.52 [J - 0.000101 (80 - 58.15)] = 28.40 in. 

For the barometer 

h = 29.85 fl - 0,000101 (42 - 58.15)] - 29.9 in. 

Absolute pressure in in. of nK'ieury at lempcM-atiire 58.15 deg. fahr. = 
29.9 - 28.4() - 1.14 in. 

Vacuum referred to 30-in. l)ai-oni(‘t(‘r = 30 — 1.44 ^ 28.5(1 in. 


According to Dalton’s Laws: ( 
reciuired to saturate a givcni sjme^^ 
at a given temperature^ is the. same 
whether the vapor is by itse'lf or 
asso(‘iated with vaporless gases; 
(2) the maximum tension of a 
given kind of va]K)r at a givem 
temperature is th(' same' whelhea' 
it is by itself or asscxnatvd with 
vaporless gas(‘s; (3) in a mix- 
ture of gas and vn,]K)r the' te)tal 
pre^ssure is enpial te) the* sum e)f 
the partial pre'ssures. The* hnal 
pre.ssure Pc theMefoi'e the* e*e)m- 
bined jnessure of the* air P^ and 
that of the' vapor or, assum- 
ing complete sat uratiejn, 

Pc = Pa + P. (103) 

Assuming that volumes, i)]‘e*s- 
sure, and temperature of air and 
water vapor under atme)spheric 
and condenser coiielition^i follow 
the law of the ideal gas, we 
have 


1 ) The mass e)f ii givem kind of vape)r 



'lu, o.'l.')- \Ve‘if»;h(- of Wiitor Vapor in 1 lb. of 

Dry Air at Various Vacua and Tcrripera- 

turt‘.s. 


PaValTa = exuistant = 0.754 


( 194 ) 


in which 

Pa = pressure of the dry air, in. of meirury at, 32 elcg. fahr., 
Va = volume of 1 lb. eif dry air, cii. ft., 

Ta = absolute temperature of the dry air, deg. fahr. 
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Combining equations (193) and (194) and transposing, we have 

Va = 0.754 Ta/(Pc - Pv) (195) 

According to Dalton’s law, Va is also the volume of 1 lb. of dry air 
when saturated with water vapor under condenser iiressure Pc. In other 
words, Va is the volume of air-vapor mixture at pressure Pc which must 
be exhausted in ordiir to removes 1 lb. of dry air. Knowing the density 
and pressur(i of the*. va])f)r content, it is a simple problem to calculate the 
weight of vapor contained in 1 lb. of dry air. The curves in Fig. 335 
were calculated in this maniKir and serve to visualize this relationship. 

Example 49.- - If the al)Solute pressure in a condenser is 4 in. and the 
temperature of the aii-vapoi' mixture is 100 deg. fahr., cahailate the per- 
centages of air by weight in the mixture. 

Solution. — From steam tables, at 100 deg. fahr. = 1.93 in., and 
the corresponding dcaisit v is 0.00285 lb. per cu. ft. 

Substituting J\ = 1.93, 7^ = 4.00 and Ta ^ 5()0 in ecpiation (195) 
and solving 

(0.754 X 5(>0) (4.00 - l.m) = 204 

The corresponding density is 1 204 = 0.00191 lb. ])er cu. ft. 

Let r= volume of the condenser chamber, cu. ft. 

Then the total weight, of the mixture is 

0.00491c + 0.00285c = 0.00770c 
And the percentage of air in the mixture is 

0.0049 lc/0.00770c X 100 = 03.2 per cent. 


Example 60. — If the t(’nq)erat.ure within a condenser is 110 deg. fahr., 
and there is entrained with the steam 0.2 lb. of air per lb. of steam, re- 
quired the maxim uni degree of vacuum obtainable. 


Solution. — OiK^ 11). of saturated steam at a temperature of 110 deg. 
fahr. occupies a volume of 205.5 cu. ft. The corresponding vapor tension 
is 2.589 in. of Hg. This must also be the volume occupied by 0.2 lb. of 
air mixed with it , and the temperature of the air is that of the vapor 
(110 deg. fahr.). Tlien from equation (194), , 


Pa = 


0.754(110 + 400) 
205.5 0.2 


= 0.324 in. of Hg. 


From equation (193), 

Pc = 0.324 + 2.589 = 2.913 in. of Hg. 
And the vacuum 

= 29.921 - 2.913 = 27.01 in. 
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If the temperature within the condenser in the preceding example were 
80 deg. fahr., the pressure of the air w^ould be 0.129 in. of mercury, and 
that of the vapor would be 1.031 in. Evidently the cooler the air-vapor 
mixture, the better will be the dc^gree of vacuum. While it is desirable to 
cool the air and water vapor as much as possible, the condensate should 
be retiirned to the boiler at the highest possible temi)erature. In modern 
condenser practice' this is accomplished by withdrawing the air and con- 
densate separately, the' formci* after it has been cooled by contact with 
the coolest tul)es, the latter with as little contact as ])ossible after con- 
densation has occurred. 

A condensei- is a device in which the process of coiidensation and sub- 
se(pient removal of the air and condensed steam is continuous, the degree 
of vacuum obtained depending upoii th(‘ tightiu'ss of valves and joints, 
the quantity of entrained air, and the temi)ei'ature to which the condensed 
steam is reduced. 

The degree of vacuum may be expressed ifi different ways. (1) Excess 
of the atmospheric pressure over tlie observc'd vacaium. For example, a 
26-in. vacuum implies that tlu* i)r(\ssur(' of the atmosphere is 26 in. of 
mercury abovi^ the j)ressure in the (*ondensei\ (2) Per cent of vacuum, 
by which is meant the ratio of the observed vacuum to the atmospheric 
pressure. Thus, with the barometer standing at 30 in., a vacuum of 
26 in. may be exiiressed as 100 X 26 30 = 86.6 p(a' cent vacuum. 

This method of ex})ressi()n gives an idea of the efficiency of the condensing 
system. For example, th(‘ degree of vacuum indic.ated by 26 in. would 
be 93 per cent with a barometric pressure of 28 in., but- only 84 per cent 
when the baiometcr reads 31 in. (3) Absolute j)ressurc. Thus, a 26-in. 
vacuum referred to a 30-in. barometer would be indicated as a pressure 
of 30 — 26 = 4 in. abs., or 1.99 11). per sep in. Preference is given to the 
last method. 

The place of measurement of the vacaunn should be stated, since the 
lowest back pressure will b(^ found at tlu' air-j)Uinp suction, a higher 
pressure in the body of th(^ (^ondensei-, and the highest at the prime mover 
exhaust nozzle. 

The Meaning of Atmof^phcric Pressure: Power, Nov 20, 1923, p. 811. 

M 

217. Effect of Aqueous Vapor upon the Degree of Vacuum. — The 

futility of attempting to hotter the vacuum by exhausting the vapor is 
best illustrated by a specific example. 

Example 61. — Required the volume of aqueous vapor to be withdrawn 
per hr. from a condenser operating under the following conditions, in order 
that the vacuum may be increased 1 lb. per sq. in.: Temperature of dis- 
charge water 125 deg. fahr.; correspondingly vapor tension 4 in. of mer- 
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ciiry; barometer 30 in.; relative vacuum 2G in.; engine 100 hp.; steam 
consumption 20 lb. j^er hp-hr.; cooling water 25 lb. per lb. of steam con- 
densed. 

Solution. — 100 X 20 X 25 = 50,000 lb. of cooling water per hr. 

= 833 lb. of cooling water per min. 

Now, to increase the vacuum 1 lb. j)er s(|. in., ap])ioxinjatcly 2 in. of 
mercury, the teiniKU-ature of Ihe wafer must lx* loweied to 102 deg. fahr., 
that is, 833 (125 — 102) = 10,150 B.t.u. must be al)slracled from the 
water in 1 min., or 10,150/1030 = 18.0 lb. of watei’ must be evaporated 
per min. (1030 a.v(‘rag(‘ heat of vaporization of water under 
20 to 28 in. of vacuum.) Now, I lb. of vapor at 102 to 125 deg. fahr. has 
an average volume of 270 cu. ft.; ther(‘iore, 18. (> X 270 = 5022 cu. ft. 
of vapor must b(‘ (exhausted per min. to increase the vacuum from 20 to 
28 in., which, while not imi)ossible is majiiftfstly impracti(‘able for so small 
a condcnscir. 

218 . Classlflcailon of Condensors. — St ('am condemsers may be grouped 
into two broad class(‘s: 

Jet Condensers in which the steam and cooling water mingle and the 
steam is condemsed by direc't. contact. 

Surface Condensers in which the steam and cooling medium are in 
separate chambers and th(' heat is abstracted fiom the st(‘,am by c*on- 
ductioii. 

J(d; condensei’s may lu' arranged with eithc'r parallel flow, in which the 
condenscHl st-c'am, cooling water, and non-condcmsable gases flow in the 
same direction, and counter current in which the cooling water and steam 
with its air (uitrainnKmt fhnv against eael) other, .let eoinkuisers may 
also be elassified as low-level and barometric, in the fojnier the con- 
densate and cooling water ar(‘ jeinoved and discharged against atmos- 
pheric })ressure by nu'.ans of the jniiu]), and in the la.tt(‘r, withdrawal* of the 
coiuhmsate and cooling water is (Tfetdod ])y a })ip(' (31 ft. Iti h'ngth or more) 
called a tail pipe, or baronud-ric column. A\’ith the low-level type the 
injection or condensing water is lifted into the condemser from the coldwell 
by the vacuum, while, with the barometric type, an injection or circulating 
pump is ncc(\ssary to overconjc part of the lift to the condemsing chamljer. 
Jot condens(ws in which the cooling wa.t(‘r, coiidensate vapor, and iion- 
condensablo gases are withdrawn by a single piston })Uinp arc frecpiently 
designated as low-vacuum condensers because of the limited air capacity 
of the pump. In case the aii-vapor mixtine is removed by a separate 
pump or (ejector, highoi* vacua are obtainable and the condenser is known 
as a high-vacuum jet condenser. Under certain conditions the air vapor 
and water can bo removed by the kinetic action of the steam, in which 
case the condenser is designated as a siphon or ejector condenser. 
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Surface condensers may bo classified, accordinp; to the nature of the 
coolinp: medium, as water-cooled, air-cooled or evaporative. In the latter 
type, the condensation of the steam is broup;ht about by the evaporation 
of a fine spj’ay or stream of water flow'ing aca-oss the suiface of the tubes. 
Surface condensers may also be arranged, ac(‘ording to tl»e relative position 
of the steam and water, as standard, in which the steam surrounds the 
tubes, and water works, in Avhich the steam is inside the tubes. 

319. Low-lcvel Jet Condensers. - Figuie 830 shows a, section through 

the condensing chamber and water end of a low-level low-vacuum 

condenser illustrating the i)arallel-tlow principle. This particular design 

is suitable for condfuising small (piantities of 

steam (2r),()()() lb. ])('r hi‘. or le.ss) where vacaia 

over 2() in. are ncit necessarv and where low first 

.* • 

cost is of })riine consideration. Unl(\ss the heat 
of the exhaust steam from the puiu]) cylinder is 
iLsed for fec'dwater heating or other ])urposes, the 
amount ol steam re(|uii*(Ml to operate th(' con- 
denser may be prohibitive* because* e)f the ex- 
tremely higii w^ate'r rate e)f the* dire*ct -acting type 
of i)um]). Operatiem is as follows: 

Whem the pump is started, a ])artial vacuum 
is createel in the suction chamber above the 
valvCvS H , //, in the* e*eme F, As sexm as suffi- 
cient air has been e*xhauste*d, (*ooling wate*!* e‘nlers 
at B with a veloeaty elej)e*nding upon the* elegre'o 
of vacuum in ediamber F anel the* sue'tie)n he*ael, 
anel is divieleel into a fine* s])ray by the* adjust- 
able serrated ceme* D. The* spray mingle*s with 
the exhaust .steam e*ntering at A, anel be)t.h niove^ 
downward with eliverse ve'loe*ities. The* st(*am 
gives up its heat te) the* water aTiel ce)neieTise*s. 

The vedoe'ity of the steam elimini.she^s in its 
dovmwarel i)ath te) zero, while the vele)e*ify of 
the water increase*s ace*e)reling t.o the laws e)f 

falling bodies. The coildensed steam, ce)e)liiig water, and air collect at 
the lower part e)f the condenser anel are exhausted by the W(it-air pump 
G, from which the*y a?e fore*ed through opcTiing J to the hotwell. The 
vacuum in chambeir F will depend upon the vapor tension of the warm 
water in the botte)m of the well, the amount of air cairied along by the 
cooling water anel steam, and the tightness of valves anel jennts. In case 
the water accumulates in the condenser cone F, either by reason of an 
increased supply or by a sluggishness or even stoppage of the pump, the 



Fiej. 886. Low-lcvel Low- 
viiciiuni Jet Condenser 
w I ( h Dirc'ct-acting Ste.am- 
elriven Vficuiun l^imp. 
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condensing surface is reduced to a minimum, as soon as the level of the 
water reaches the spray pipe and the spray be(;omes submerged, and only 
a small annular surface of water is exposed to the exhaust steam. The 
vacuum is immediately broken, and the exhaust stx^ain (escapes by blow- 
ing through the injection pipe and through the valves of the pump and 
out the discharge pij^e at ,/, forcing the water ahead of it; consequently, 
flooding of the steam cylinder cannot occur. In starting up the condenser, 

a partial vacuum f(jr inducing a flow of 
inje(^tion water into the condenser chamber 
may be created by the f)ump if the suction 
lif^ is not too great. Many engineers, how- 
ever, prefer to install a small forced injec- 
tion or j)riming i)ipe, the function of which 
is to condense sufficient steam to produce 
the nec-essaiy partial vacuum. This type 
can be used only where tlu; injec^tion nozzle 
is less than 18 to 20 ft. above the water 
su])ply. 

Figure 337 shows a section through the 
condensing chamber of a vertical low-level 
jet coTidenser with an autojiiatic va(‘uum- 
bniaking device. The vacuum pump is 
either of the dir('ct-acting or flywland type, 
the latter being more economical in the 
use of steam. The injection water enters 
at opening markcnl “ injection and flows 
through the adjustable “ spray nozzle 
in a fine sy)ray at an angle of about 
45 degrees, and impinges on the conical 
sides of the u])per condenser chamber. 
The spray falls from the sides to the 
projecting ledges shown in the illustra- 
tion. The ledges prevent the spray from 
falling directly to the bottom of the chamber, and insure an efficient 
mingling of steam and cooling water. A i:)ei*forated copper plate is 
substituted for the shelves when the force of the injection water is 
not sufficient to produce spray. The circulating water and condensed 
steam, together with the non-condensable gases, are drawn off at 
the bottom of the chamber. The vacuum-breaking device is shown at 
the right of the figure. When the rising water reaches the level of the 
float chamber, as in the case of an accidental stoppage of the air pumps, 
the float is raised and forces a check valve from its seat and allows an 


HandWheti 



Fig. 337. Section through Con- 
densing Chamber of a Low- 
level, Low-vacuum Jet Con- 
denser with Vacuum Breaking 
Device. 
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inrush of air to break the vacuum, thus preventing further suction of 
water into the condenser and consequent flooding of the engine. A is the 
forced injection or })riiniiig ’’ inlet used in starting up when the suction 
lift is considerable. 

Jet condensers of the i^KhauBt luiei 

type shown in FigvS. 38(1 
and 337 are not common 
in modern practice, be- 
cause of the limited ca- 
pacity of the i:)iston type 
of vacuum pump. In 
present day practice the 
pump is of the centrif- 
ugal or rotary type and 
the air and water are 
usually withdrawn sepa- 
rately. 

The low-vacuum type 
of jet condenser is not 
suitable for high vacua 
l)ecause of the limited 
air capacity of the com- 
bined air and circulating 
water pump. Even with 
a tight system, consid- 
erable air is carried into the condenser with the circulating water, and 
efficient removal of the air necessitates a larger pump capacity than is 
usually furnished with this tyi)e of coinlenser. Low-level jet con- 
densers may be operated with a 
high degree of vacuum by equip- 
ping them with independent air 
and circulating pumps. Exam- 
ples of this type of jet condenser 
are illustrated in Figs. 338 and 
340. Referring to Fig. 338, which 
gives a sectional view of the 
Leblanc type of condenser, steam 
enters the condensing chamber 



Fig. 33S. W(*,stinM:hoiiHe-L('hlano Multi-jet 
Hijiih-vaciuiiii Coiulonscr, 


Suclion 



Fig. 339. 


Section through a Westinghouse- 
Leblanc Air Pumj). 


as indicated and meets the cooling water injected through the spray 
nozzles. The condensed steam and injection water fall to the bottom of 
the vessel and are removed by the centrifugal pump. The air-vapor 
mixture is withdrawn from near the top of the condenser body where the 
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temperature is the lowest, into the suction inlet of the air pump. Refer- 
ring to Fig. 339 whi(;h shows a section through the air jnimp, it will be 
seen that this (hwie.e consists primarily of a multi-vane wlKKi in conjunction 
with an ejector. Sealing w'atcr is iniroduced into the central chamber, 
from which it is discdiarged through the distributor.” It is then caught 



Fig. 340. C. H. AVIicoUt Low-1cv( 
Jet Gomlenser. 


up by the blad(!S of the wheel, which 
is rotated at a suitable speed, and 
ejected into the discharge; (;one in the 
form of thin sheets liaviiig a high 
v(iocity. Thes(' shecis of water meet 
the sides of the ” coll(*(;toi' cone” and 
thus fonn a series of wat(‘r pistons, 
each of wdiich entraps a small pocket 
of air and fences it out against the 
atmos))heric ])ressure. In passing 
through the air })um}), the sealing 
W'ater rcci;ives i)]‘a(‘t ie^ally no inerc^ase 
ill temperature, hence th(‘ same water 
may lie used over and over again. 
The air jnimj) rotor and main pump 
runner are mount(‘d on the same shaft. 
In starting up, the (‘ondenser steam 
is turned into an auxiliaiy nozzle, 
Fig. 339, for a few moments, thus 
creating sufli(‘ienL vacuum to start the 
legular flow of water through the aii’ 


pump. 

Low-level jet condensers equipjied with (centrifugal vacuum pumps are 
also known! as centrifugal jet condensers. They may be (;ith(;r of the 
parallel-flow type, Fig. 338, with exhaust inlet at the top, or of the counter- 
current type. Fig. 311, where the exhaust steam enters at the lowncr jiart 
of the condenser. Cooling water may be drawn into the chamber tlirough 
orifices. Fig. 338, thereby producing a spray, or it may be distributed 
through the chamber by a srnies of pans or trays wdiich bi'eak it up into a 
number of small streams and create a rain effect-," F"ig. 341. 

The air-vapor mixture is removed from the condemsing chamber by dry 
vacuum pumps of the piston or rotative type, hydi aulic or “ hurling- 
watcr ” vacuum pumps, and steam (\jectors. These auxiliaries are fully 
described in paragraphs (280) to (280) and need not be considered here. 
For maximum capacity the temperature of the air-vapor mixture should 
be lowered to practically that of the injection w^ater. This is automatic- 
ally effected in the counterflow type because the air is forced to pass 
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through the coldest part of the circulating water in its ])assage to the air 
pump. The same result may be ()l)tained in the j)arallel-flow type by a 
proper location of the air-i)umi) suction ojxmiiig. The ])ai‘allel-flow prin- 



cif)le has the advantage ovei- th(‘ count (a-tlow in that the kinetic action of 
the steam for ces pa.i't of the aii-vapoi‘ mixture into th(' suction of the water 
pumj) and theieby l•('duc(^s th(^ (plant ity to b(' handled by the air pump. 

The ciiculating wat('r, (‘ondensatc^, and ah- 
vapor mixture may be dis(*harged without the 
aid of a barometric^ column or vacuum pumi), 
by a special design of the cir culating water and 
steam nozzles. Such a devic(‘ is illu.strated in 
Fig. 342 and is generally known as an ejector 
condenser. RehM-ring to I^'ig. 342, it will be 
seen that the cii-cula.tirrg water* passes through 
a Venturi-shaped (H)trdiiit, the central body of 
which is provided with a numlrer of inclined 
nozzles for entranc^e of the exhaust sU^am. The 
shape of the water' iirk't is such as to convert 
the static pressuiH^ to velocity. The high- 
velocity water jet mcH'ts the exhaust entiu’ing 
through the circumferci’itially jihmed steam 
nozzle and forces the (condensate with its 
air- vapor entrainment into the UuJ pipe or 
lower end of the conduit. The gradually in- 
creasing diameter of the latter is for the pur- 
pose of converting the velocity to pnjssure in order to overcome the re- 
sistance of the atmosphere. The tail pipe is always filled with water to 
prevent the air from entering the body of the condenser. This design 



Diicharffe 

Fin. 342. Schutte “ Educ- 
tor" Ejector Condenser. 
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of condenser is low in first cost and in cost of operation, but is limited 
to comparatively small-sized units. 

The condenser should be installed vertically, vvith 3 ft. of pipe between 
the strainer and the head of the condenser, and should be arranged as 
shown in Fig. 313. There should be a clear discliarge of not less than 2 

ft. below the bottom flange of 
the apparatus to the level of the 
water in the discharge pump, or 
hotwell. It is advisable that 
the end of the discharge pipe be 
sealed under water, unless there 
is a horizontal dischai-ge main 
and a trap to the water-seal at 
the bend immediately under the 
condenser. lOxcept with a con- 
denser of very large size, a dif- 
ference of level of 20 ft. between 
su])i)ly and discharges will usually 
give the necessaiy pressure of 
water at tlu^ condenser with full 
allowance^ for friction losses. 
Any type of circulating ])urnp 
may be used for supplying the 
injection water. These condensers are made in all sizes, conforming with 
exhaust-pipe diameters of 1 1/2 to 24 in. ddie same amount of cooling 
water is required as for jet condensing, and vacua of 2() to 27 in. have 
been obtained undej 
favorable conditions. 

The multi- jet con- 
denser has been 
especially designed 
for condensing larger 
quantities of steam 
than the Educ- 
tor Condenser and 
maintaining a vacuum 
without the use of 
an air pump. The 
ratio of injection water per lb. of steam condensed is, for equal vacuum, 
considerably less than that required for the Eductor Condenser. This is 
due to the fact that in the multi-jet condenser the injection water is 
divided into a number of jets, the result of which is to bring the injection 


'EzhauBt to Condenser 



Fkj. 344. Section through Condensing C3iainbcrH of 
Koerting Multi-jet Condenser. 


Exhaml 



Fi( 3. 343. Piping for Schiittc Ejector 
Condenser. 
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water into more intimate contact with the steam. The steam flows into 
the main chamber through cither side or top inlet, iis desired. 

The Koerting Multi-jet condenser, shown in Fig. 344, operates on the 
same principle as the Eductor Condensei’, but has, instead of one central 
condensing jet, a number of converging jets, meeting and forming a single 
jet in the lower part of the combining tube. This tulx! is cast in one piece 
and consists of a seiies of conccmtric^ nozzles of giadually diminishing 
bore. The steam flows through the annular i)assagcs between the nozzles, 
which guide it so that it impinges at a suitable angle on the condensing 
jets. To insure satisfactory working under all conditions of load variation 
on turbines or engines to which thes(^ multi-jet (^ontlensers are attached, 
it is only nec‘Pssary to su])ply the water to the (‘ondenser at a pr(»ssure, at 
the level of the water-inlet flanges, ecpial to a 21 -ft., water column, or, say, 
9 lb. per sep in. 

Mod(^ni multi-jet condensej’s are suitable for all sizes of prime movers 
up to 10,000-kw. capacity and in commercial operation are maintaining 
vacua of 28 to 29 in. referred to a 3()-in. barometer with (tooling water at 
70 deg. fahr. This tyi^c of (umdenser recpiires more wat(;r than well 
designed low-level jet (condensers, but the absence of vacuum pumps may 
offset this disadvantage. 


TABLE Ofi 

PBRKOHMANCE OF KOERTTN(; liOW-LEVKL MIII.TI-JKT CONDENSEH* 



1 

0 

3 


Baromotor, in. of mercury 

21) 22 

20 ,32 

2!) 41 

29 37 

Vacuum, in. of mereury. 

2S 00 

27 94 

27.8,5 

27.50 

Absolute pressure, in. of iiiereurv 

1 .22 

1 ,3S 

1 60 

1 87 

Temperature iiij(‘e,t ion water, Hck- fahr.. 

77 

7S 

79 

76 

Temperature of hot well, dep;. fahr. 

SO 

S4 

87 

88 

Tempera! lire diffi^renee, deg. fahr.. 
Vapor-tension eorresf)oii<linp; lo hotwell 

li 

0 

8 

12 

temperature, in. of mercury 

1 032 

1 174 

1 292 

1 334 

Water pressure, lb. per sq. in 


S 0 

8 5 

12 

Steam condensed, lli. per lir 

]0,9(X) 

20,000 

20.800 

41,800 

Injection water, p:al. per min 

7,t)(K) 

7,000 

7,000 

7,300 

Lb. injection water per lb. of steam 

,3.50 

17.5 

131 

87.5 


* Kpport of Pnioo Movern, N E.L.A., 13-22, 1922, p 23. 


220. Barometric Condensers. — In the barometric type of jet con- 
denser, the watei' and steam distribution system is substantially the same 
as in the low-level type, but the circulating water and condensate are 
removed from the condensing chamber by a barometric column or tail 
pipe of sufficient length to overcome the pressure of the atmosphere. 
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This necessitates locating the condensing chamber approximately 40 ft. 
above the end of the tail pipe. Water is lifted to the condenser chamber 
by any suitable type of pump, and, while the vacuum will raise the water 

to a considerable height, it is customary to allow 
only 18 ft. as the jjractical limit. The air- vapor 
mixture may be removcnl by any type of dry-air 
pump or ejector, or combination ejector and air 
pum[u h^igiire 315 shows a section through an 
Ingersoil-Rand barometric condenser of the 
counter-flow typ(u The si earn enters near the 
bottom of the condensing chamber, and the 
water at the top. The air-vapor entrainment 
is withdrawn at th(‘ top after it has been cooled 
to practicjilly the tempc^ratuie of the inlet 
water. Moisture carried over with the air is 
,s(‘parated as indi(‘at(‘d, and discharged into the 
hotwell by a small auxiliary tail pipe. This 
style of condenser is very simple in construc- 
tion, having no moving parts to get out of order 
or constru(d('d ori- 
fice's to become 
clogged. There is 
no need for vacuum 
breaking devices 
and th(' steam can 
be blown directly 
through the column 
if n('C(\ssary. One 
of the chief objec- 
tions to this type 
of jet condenser is 
its extreme height. 

The barometric heater-condenser, which 
differs in no way from the standard baromet- 
ric-condenser design, has been used in power 
stations where the heat balance calls for this 
method of feedwater heating. The heater- 

condenser rcpla(*('s the customary atmos- 

pheric heater and condenses the steam from 
the auxiliary steam drives and house turbine, utilizing the condensate 
from the main surface condenser as (tooling water. See paragraph 265. 

Figure 347 shows a section through the condensing head of a parallel- 



Fig. 3 to. Section through 

C'oiidcnser H(^ad of a Wheeler 
liaroinetric Condenser. 


To Vuoiiuiii rump 



Fig. 345. Ingersoll-Rand 
Barometric CVmdenscr. 
(Counter Current.) 
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flow barometric condenser with orifices and chamber arranged so that 
the kinetic action of th(' steam and circulating water will assist in dis- 
charging the condensate and air-vapor entrainment into the hotwcll. No 
air pump is necessary lor moderate vacua, since the velocity of the circu- 
lating water is sufficient to withdraw a limited (piantity of air. For high 
vacua or where considerable air must be handled, a dry-air pump or 
ejector is necessary. AVhere tli(‘ natural head of the circulating water is 
sufficient to ()V(M(‘,ome tli(‘ difference between the 
total height of lift, and liead corres])on(ling to vac- 
uum, no circulating puni]) is necessary. Siphon 
condensers an' capable of jiioducing a high degree 
of vacuum wlitui the amount of air- vapor entrain- 
ment is small, but as a gc'neral j“ul(' they arc' not 
recommended foi- vacua lugher than 2() in. They 
are also limited to comparatively small siz(\s. 

2Z1. Condensing Water: Jet Condensers. — In 
a jet condenser the cooling water and exhaust steam 
mingle, and the' degree' of vacuum is a function of 
the final or discharge tc'injierature and the' amount 
of non-condensable gases (‘iii l•a,in(‘d with the steam 
and circuilating water. 'Phc' cpiantity of cooling 
water rc'cpiiied depeTids upon its initial tc'inpera- 
turc, the tennperature of the discharge water, and 
the total heat of the steam entering the (‘ondcniser. 

If the steam in tlic' low-prc'ssure cylinder at ex- 
haust is dry and saturated, and tliere is no air entrainmemt, the heat 
entering thc' c'ondc'nsc'-r will corrc'spond to the tcjtal heat of saturated 
steam at condensc'r firessurc. This condition is not likely to occur in 
practice, since (exhaust steam usually carries considerable moisture and 
there will be more or k'ss air entrained with it. I'urthcrmcjre, the cooling 
water contains air in varying amounts, so that thc' total amount of air 
entering the condc'iiser may be considerable. Neglecting radiation and 
leakage, the heat absorbed by the cooling medium must be equal to that 
given up by thc steam and its air entrainment. The heat exhangc may 
be expressed * 

/^ = q^) ^ ((?2 - qo) (203) 

in which 

R = weight of injection water necessary to condense and cool 1 lb. of 
air-vapor mixture. 

Hfn = heat cont(mt of the air-vapor mixture at condenser pressure, B.t.u. 
per lb. above 32 deg. fahr., 
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q 2 = heat of liquid of the discharge water, B.t.u. per lb., 
qo = heat of liquid of the injection water, B.t.u. per lb. 

In practice it is sufficiently accurate to neglect the influence of the air 
on the heat content of the exhaust steani and circulating water, and the 
mean specific heat of water under c-ondenser conditions may be taken as 
unity, so that equation (203) may be written, 

= (// - ^, + 32) - {h - la) (204) 

in which 

H = heat content of the exhaust, B.t.u. ])er lb. above 32 deg. fahr., 
t 2 = temperature of the mixed coiidcmsate and discharge water, deg. 
fahr., 

to = temperature of the injecdion water, deg. fahr. 

It has been shown (equation 140) that 
H = Hi - Hr - A 
in which 

Hi = initial heat cont^ent of the steam entering the prime mover, B.t.u. 
per lb. abov(' 32 deg. fahr., 

Hf = heat lost by radiation from the jirime mover and exhaust piping, 
B.t.u. per lb. of steam admitt(Hl. 

A = extraction for power, B.t.u. per lb. of steam admitted. 

In a well-lagged piston engine with a short c.oniK'ction to the condenser, 
the loss to the surroundings, commonly called “ radiation/’ varies from 
0.3 to 2.0 per (;ent, but seldom exceeds 1 per cent of the total heat admitted, 
and in a turbine this loss is even less, and 0.2 per cent is a very liberal 
allowance. In view of the imc.ertainty of the numerical values of many 
of the factors entering into condenser calculations, it is sufficiently accurate 
for most purposes to ignore this small loss. 

The temperature of the discharge water will approximate that of the 
vapor at its partial pressure. For air-free steam this will correspond to 
that of vapor at total condenser pressure. In high-vacuum jet condensers 
in which the air pressure is kept very low, the depression of the hot well 
temperature will range from 6 to 10 degrees l)clow that of vapor at con- 
denser pressure, and in the ordinary low-vacuum condenser it may range 
from 15 to 25 degrees below. The shaded area in Fig. 348 shows the 
average range for a number of large installations. See also Fig. 474 for 
the estimated qiiantity of air to be removed from jet condensers. 

Example 62. — Determine the amount of cooling water necessary per 
lb. of steam for a standard low-vacuum jet condenser operating under the 
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following conditions: Engine uses lO lb. steam per i.hp-hr. initial pres- 
sure 140 lb. per sq. in. abs., superheat 50 dog. fahr., vacuum 4 in. Hg. abs., 
temperature of injection watci’ 70 deg. fahr. 


Solution.- From steam tables, JU = 1221; assume = 1 per cent 
of Hij then 

H = 1221 - 0.01 (1221) - 2547/10 = 1050. 


The temperature ts of vapor corn 
4 in. = 120 deg. fahr.^ Assume 
^2 = _ 15 = 111. 

Substituting these values in ecpia- 
tion (204) 

R = (1050 - 111 + 32) ^ 

(111 - 70) - 23.7 11). 

Neglecting the 1 ])er (^ent radia- 
tion loss, R = 24.2 11). This small 
dilTerence betweem the two cal- 
culated values of R sliows the 
absurdity of including radiation 
loss for the assumed operating con- 
ditions. 

Example 63. — Determine the 
amount of cooling water necessary 
per lb. of steam for a high-vacuum 
jet condenser o[)erating Tinder the 
following conditions: Turbine uses 
13 lb. steam per kw-hr., initial 
pressure 105 lb. per sep in. abs., 
superheat 120 deg. fahr., vacuum 2 
in. Hg. abs., tempeiature of injec- 
tion water 70 deg. fahi-. 


•sponding to an absolute pressure of 



Tonipcrature DlfTerenco between 
Outlet Water and Turbine Exhaust 
Dck. Fahr. 

Fkj. Opomtinp; Results with Large 


( 'ondenserw. 

Solution. — From steam tables. 

Hi = 1202; ts = 02; assume Ci = 0.05; Hr is so small that it may 
well be neglected considfuing the many assumjitions which must be made. 
Substituting these vnlues in equation (140), noting that Wi = 13, we 
have 


H = 1202 - 3415 ~ (13 X 0.05) = 986. 


Assume ^2 = = 02 — 5 = 87. 


^ This is not the jietudl temperature in the eondenser. The actual temperature 
will be that corresponding to the partial pressure of the vapor. For convenience in 
calculation the temperature in the condenser i.s assumed to correspond to that of the 
total pressure, and the temperature depression of the hotwell is then based on this hypo- 
thetical temfierature. When the. extent of air leakage and entrainment is known, the 
actual temperature in the eondeniser may be readily calculated. 
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Substitute U = 87, = 70, and II = 980 in equation (204) and solve, 

thus : 

980 - 87 + 32 „ 

87-70 ° 


222. Water-cooled Surface Condensers. — With the exception of the 
water-works coiKlonser, in whitih the wc‘ip;ht of sloain to be eoiidensed 
is Init a fraetioT) of the wei^»;hi of water i)assinf;-, and in which the frietional 
resistan(!es are to be kept v(‘ry low, all watca-eooled surface condensers 
are of the water-tube ty])e; that is, the watei' is forced throuf>;h the tubes. 
The latter vary in size from r)/8-in. outside dianietiu' to 1 1/4-in. O.D. 
depending upon cleanliness of the circulating water and the design of 
condenser. They are composed of various alloys, usually Muntz metal 
(60 copper —40 zinc,) and ordinary brass for reasonably purc^ fiesh water, 
and Admiralty brass (70 cojiper —20 zinc —1 tin) for- sea watei’ and im])uro 
river waters. The tubes are gcaierally held in tube sluM'ts, composed of 
Muntz metal or Admiralty brass, by screwed brass ferrules and corset 
lace, fiber, or metallic packing, as shown in Fig. 351. In some designs the 
tubes are expanded into one tube sheet and packed in the other end, while 
in others they are expanded in both tube sheets. In the latter case, ])to- 
vision must be made for exi)ansion ilue to change in temperatui’e. The 
condenser shells aie constnuded in various shai^es and are built of (^ast 
iron or steel. In the single-pass condcai.ser tlieie is ])ut one chamber or 
water box l^etween the tube sheets and condenser luaiders, while in the 
two-pass construction, the heads are divided into two compart, ments so 
that the circulating water will pass through one bank of t,ul)es and retiiin 
through the other. The exhaust from the (uigine or turbiiu' enten s the con- 
denser shell at the top and circulates about the tubes down through the 

condensei-. Condensate is withdi awn from 
the bottom of th(' shell and the air-vapor 
mixture from various points, as will be 
shown later. 

For high efficiency ( 1 ) steam should enter 
the condenser with the kaist practical resist- 
ance and the y)ressurc drop^ through the 
condenser should be reduced to a minimum ; 
(2) air should be rapidly cleared from the 
heat-transmitting surfaces, collected at 
suitable places, freed from entrained water, and removed at a low 
temperature with least exj)enditurc of mechanical energy; (3) condensate 
should also be rapidly cleared from the heat-transmitting surfaces, freed 
from air and returned to the boilers at the maximum practical tempera- 



Fig. 349. Theoretically Correct 
Condenser Shap(\ 
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ture; (4) circulating water should pass through the condenser with the 
least friction but at a velocity consistent with high eflicieiicy. P^igurc 349 
shows a theoretically coirect condenser shape which embodies the prin- 





Pig. 350. Wheeler- Admlmlty Surface CVmdenser Equii)nient (J’iston-type 
Auxiliary l*urnf)s). 


ciples previously enumerated. Il will be noted that th(‘ tul^e surface ex- 
posed to the action of the steam is a maximum at the exhaust inlet and 
decreases as th(^ volume of 
steam diminish(‘s, due to con- 
densation. The air-vapor mix- 
ture flows diieetly to the dis- 
charge point, at. high velocity 
with minimum pressure drof), 
and the c.ondensate giavitates 
from each row of tubes di- 
rectly to the hotwell without 
blanketing the succeeding 
rows. Some of the means 
adopted in practice for simu- 
lating the action of the per- Whoclor Admiralty Condenser Equip- 

feet condenser arc best illus- Auxiliary Pumps), 

trated by a few descriptive examples. 

Figure 350 shows a section of a Wheeler Admiralty surface-condenser 
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equipment illustrating a well-known design which is intended for small 
engines or turbines and where vacua higher than 20 in. are not desired. 
The condenser is of the two-pass type and is mounted over a combined 
circulating and wet-air pump of the piston type. Since compactness and 
simplicity arc of prime importance in this design and efficiency of little 
moment, no attempt is made to follow the principles of the theoretically 
correct ” shape. By installing in(lei)endent circulating and hotwell pumps 
and by providing a suitable air ejector as shown in Eig. 351, the vacuum 
may be considerably improved. 

Figure 352 shows the tube an angement of the Alberger Spiroflo smface 
condenser showing a i)ractical application of the basi(‘ i)i iiiciples illustrated 
in Fig. 349. The shell cond(uiser heads and watei* boxes are of cast iron 
and the tube sheets are of brass. The tubes are (‘xi)and(Ml into one tube 

sh(‘e1, and in the other they 
are packed with a sj)ecial fiber 
pa(‘king held in place by 
means of screw ferrule without 
lugs, thus ])ioviding for expan- 
sion or contraction. The con- 
denser heads aie divided into 
two compartments so that the 
circulating water will pass 
through one bank of tubes 
and return through the other. 
Steajii enters through a deep, 
rectangular’, steam-distribu- 
ting dome, extemding nearly 
the full length of the con- 
denser shell. The sides of this disti’ibuting dome slope outward and 
become tangent to the main shell, leaving an arc of neai ly 180 degrees of 
the tube surface exposed to the entering steam. The air-division plates, 
when taken in connection with the steam larres and tlK', grouping of the 
tubes, redued the area of the path of steam in proportion to the volume 
flowing. The aii’-vairor mixture is drawn across a bank of tubes and re- 
duced to practi(;ally the terrrperatur'e of the inlet (drculating water before 
being exhausted by the air pump. The circulating w^ater flows counter- 
currently to the steam. 

Figure 353 shows the tube arrangement for a 50,000 sq. ft. Westinghouse 
surface condenser which is of the radial flow type and fulfills the require- 
ments of the correct principl(»s outlined in Fig. 349. The exhaust steam, 
upon entering the condenser body under its condition of maximum specific 
volume, finds admission to the condensing surface at all points around the 


ExhmiHl Slcam Inlet 



P'la. 352. Tube Layout — Alberger “Spiroflo” 
( ’on (lender. 
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circumference of the bank of tubes. The direetion of flow of the piases is 
radially toward the center ot tlu' tulu' bank, at which point a connection 
is made with the air-reinoval a])paratus. The condensate at the bottom of 
the condenser body is in contact with the (‘\liaiist steam. It is thus 
evident that the patli of the steam flow is converj»ent and that the con- 
densate is rtiiiioved 


at high temperature, 
thereby meeting the 
conditions indicated 
l)y Fig. 349. 

' In the C. H. 
Wheeler Duplex con- 
denser, Fig. 355, there 
is a clear passage for 
the steam from to]) to 
bottom, in addition to 
auxiliary side lanes, 
thereby insuring liot 
condensate and mini- 
mum pressure dro[). 
The water jiasses are 
curves as indicated, 
so that th(', ail- vapor 
mixture is sufficiently 
cooled l)efor(! enteiing 
the air-pumj) suction. 

This design gives, in 
effect, two hemisphei'i- 
cal condensers witli air 
suctions on each side, 
reduces the pneumatic 
resistance to a mini- 



mum, and also insuies Fin. 3513. 45ihc SIum I — 50,000 sq. ft. Wofltinglioujie 
a uniform distribution Snrf.icc ( ’oiidcnsrr. 


of work in both upper • 

and lower passes. With the high dome and central lane, the maximum 
surface is exposetl to the incoming steam. The tubes in the uj)i)(ir pass 
are wider than those in the lower, permitting easy flow with minimum 
resistance to the lower pass. 

In the Ingersoll-Rand condenser. Fig. 356, the tubes arc arranged in 
stages, each stage consisting of a few rows on the same spacing. At the 
top the spacing is very wide both between the tubes and between rows. 
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The tiiljcs in siK‘c(\ssive stages arc arranged on smaller and smaller 

centers as indicated, d'he shell is heart- 
shaped and terminates in a narrow inlet. 
The (irculating water is forc'cd through the 
two U[)i)er grou[)s in which the w^ater makes 
a single pass to the discharge. Part of the 
circnlating water is shunted to the (coolers, 
flowung through these in parallel, and dis- 
t^harges into the l)ottoin pass of the con- 
denser. It then tiow's to the discharge where 
it joins the main Ixxly of w\ater. Where two 
circulating puni])s are used, the split boxes, 
as showni in T^ig. 351), give control of water 
circulation at different veloc-iti(\s in different 
sections. Section “A ” always wa)rks at high 
effici(mcy, even wnth very cold whaler and part 
loads. The lower sections, however, fall off 
in efficiency, and tli(‘ watcn* 
supi)ly should l)e icxIuccmI in 
these ind(‘])en(lently of section 

Single-pass cond(mseis arc 
frequently instalh'd vvluae first 
cost is to be kept down and 
where high vacaia lire not 
essential; liowevi'r, they arc 
not necessarily inefficient, since 
(1) by tlie use of small diam- 
eter tubes any desir(*d ve- 
locity may l)e obtained, (2) 
by i)roper (listril)ution of the 
tube surface, blanketing may 
be reduced to a minimum, 
and (3) by the application 
of high-cai)acity air extraiffors 
results may be obtaiiuxl com- 
parable with any multi-pass 
arrangement. A notable in- 
stallation of a high-vacuum 
single-pass surface-condensep- is in the Saginaw River Steam Plant of 
the Consumers Power Company, Zilwaukee, Mich. (See Power, July 22» 
1924, p. 122.) 



“Du])lcx” Coiulenser. 
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Surface Condenser Design: 1 rans. A.S.M.E., Vol. 41^, 1921, p. 1059; Vol. 38, 19U), 
p. 672; Power Plant Engrg,, May 15, 1924, p. 530. 

Condenser Tube Packing: Report of Prime Movers Coiuinittee, N.T^.L.A., 1923, 
Part A, p. 97. 



223. Cooling Water: Surface (Condensers. - SiiH‘(^ the heat al)Sori)ed 
by the cooling; watcir must eciual that giv(‘ii iif) l)y tlie exhaust, neglecting 
radiation and leakage, the amount of cooling watcM* may l)e dc'tei'mined 
as follows: 

7? = (//^ - (n) - Up ~ q.) (205) 

in which 

gi, qoj and g^ = heat of liquid of the condcaisate, discharge and inlet 
water, respectively, H.t.u. per lb. above 32 dt‘g. fahr. 

Other notations as in eipiation (203). 

Neglecting the heat content of the air entrainmemt and assuming a 
constant mean .spe(;ific heat of unity for water, ecpiation (205) may be 
written 

D =(//_/, + 32) -h (t> - to) (206) 

in which 

fi = temperature of the condensate, dog. fahr. 

Other notations as in equation (204). 

In the ordinary low-vacuum surface condenser, the depression of the 
hotwell temperature, ^i, below that corresponding to the total pressure in 
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the condenser, may range from 10 to 25 deg. fahr. depending upon the 
amount of air entrainment and the pressure drop through the condenser. 
An average figujo is 15 deg. fahr. The temperature of the dis(;harge 
water k may also range from 15 to 30 deg. fahr. below that corresponding 
to the total i)ressure in the condenser. An average figure is 20. 

For high- vacuum woi‘k the proper amount of circulating water is con- 
servatively rea(;hed when 15 dc'g. fahr. is added to the temperature of the 
condensing water, lliis gives th(‘ proper velocity, at not excessive power, 
for good tube efficiency. Some conditkms might wairant reducing this 
to 10 deg., whi(;h would i-e(piire 50 ])er cent more water at a))pr()ximately 
240 per cent adflitional pumping powei-. 

The following ernpiric.al rule for determining the terminal difference be- 
tween the temperature of the st.eam corresponding to the vacuum in the 
condenser and that of the circulating water discharge gives results agree- 
ing sut)stantially with average surface-condenser practice 

= / - lo (206n) 

in which 

id = terminal differencie, deg. fahr, 

t = teni])erature corresponding to saturated vapor pressure (po + /?), 
to = initial temperature of the circulating water, deg. fahr., 

Po = pressure of saturated vapor corresponding to temperature /<,, in. 
of mercury, 

B = coefficient, as follows: 


VALUE OF (’OEFFK’IENT B 


Vacuum, In 

H 

\'llCUUIll, III 

li 

\ uc'uum, In 

li 

1 00 

0 20 

1 75 

0 85 

8 00 

0 50 

1 25 

0 25 

2 (K) 

0 40 

8 50 

0.00 

1.50 

0 80 

2 50 

0 45 

4 00 

0 70 


Thus for to = 70 and a 2-iii. vacuum: po = 0.739, B = 0.40, t cor- 
responding to 0.739 + 0.40 (= 1.139) = 83.0 deg. fahr., whence td = 83 
- 70 = 13 deg. fahr. 

Example 64. — (Low-vacuum condenser.) Required the weight of 
cooling water necessary to cool and condense 1 lb. of steam under the 
following conditions: Engine uses 10 lb, steam per indicated hp-hr., initial 
pressure 140 lb. per sq. in. abs., quality 0.99, initial temperature of the 
cooling water 70 deg. fahr., vacuum 4 in. Hg. abs. 

Solution. — From the Mollier diagram or by calculation from steam 
tables, Hi = 1184 (approx.), = 126, neglecting radiation loss Hr = 0. 
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From equation (146) 

// = 1184 - 2547/ IG = 1025. 

Assume 

li=^ ts- 15 = 111, - .20 - 106 

R = (1025 - 111 + :32) -f- (106 - 70) = 26.3 lb. 

With the mocloni hish-vac'uiiiii surface condenser in eoniK'ctifm with 
a practically air-tiKht syst(*i!i, the tcanperaturc of the condensate will be 
from 0 to 5 dej 2 ;rees lower than that corres})ondinp; l.o satiiratcal vapor at 
condenser pressin‘(‘, and the teiTiperatur(» of the (lischar^:e water will ranp:e 
froiri 8 to 15 deforces below that corresj)ondin^»; to the, vatannn. 41ie pres- 
sure drop through the condenses* froin exhaust inlet to air-i)iunp suctiem 
varies with the typ(^ and size of condcuiser and the rate of driving;, and 
ranges from 0.02 to 0.2 in. with an average at rated load of api)roximatcly 
0.1 in. 


Example 66 . — ( I Iip;h- vacuum surface (‘ondenser.) Hecpiired the weipiht 
of cooliiifT water necessary to (‘ool and condense 1 lb. of steam under the 
followinf»; conditions; Turbine uses 12 lb. st('an\ ikm* kw-hr., initial pressure 
200 lb. per sc]. in. abs., superhcait 150 de.ii;. fahr., initial temperature of 
cooling water 70 deg. fahr., vacuum 1.5 in. Ilg. abs. 

Solution. — From steam tal)les, /// = 1283. Assume c = 0.95 and 
neglect Hr- 

Substituting these values in e(|uation (146) 

II = 1283 - 3115 (12 X 0.95) = 983. 


The corresponding temperature of vapor at 1.5 in. abs., = 91.7 deg. 
fahr. 

Assume ti = is — 3 = 88.7. From ecpiation (206a), — k — 10.1. 


Therefore = 91 .7 — 10. L = 81.6 
983 - 88.7 + 32 


Whence R = 


81.6 - 70 


79.8 lb. 


324, Heat Transmission through Condenser Tubes. — Numerous in- 
vestigations have l)een conducted on sf)ecial laborat-f)ry apparatus and on 
condensers in actual service for determining the heat transmission through 
condenser tube's, but the laws based on these* n'sults have been far from 
harmonious. In steam engine practice where the vacua arc* comparatively 
low, extreme refinement in design is unnecessary and simple empiricial 
formiilas for estimating the extent of cooling surfacie are sufficiently 
accurate. In modern high-vacuum practice, liowevei, j)articularly for 
large turbo-generators where a fraction of an inch of change in vacuum 
greatly affects the economy of the prime mover, and wlu're thousands of 
square feet of cooling surface are involved in a single unit, the older empiri- 
cal rules arc apt to lead to serious error. Despite the tremendous advance 



526 


STEAM POWER PLANT ENGINEERING 


in condenser desi^ 2 ;ii during; the past few years, the art is still largely a 
matter of experience and the Ijest rules are subject to arbitrary assump- 
tions. 

In any type of surface condcniser, neglecting radiation and leakage, the 
heat absorbed by the cooling water, must be equal to that given 

up by the exhaust, {II ^ — qi)^ or 

t^Vd = Wn,{Hm-qi) (207) 

in whi(^h 

aS = extent of cooling surface, S({. ft., 

U = ex])eritnentally deteriiiiiied mean coefficient of heat transmission, 
R.t.u. per hr., i)er deg. fahr. difference in temperature, d, per 
sq. ft., 

d = mean lemiK'ratiire dilTerence betvi^een the steam and the circu- 
lating watei-, (leg. fahr., 

v)m = wc'ight of condemsate ])liis the air entrainment, lb. per hr., 

Hm = heat content of the ('xhaiist steam, moisture and air entrainment, 
B.t.u. per lb. above .‘12 dc'g. fahr., 

qi = heat of licpiid of the condcnisate. 

From ecpiation (207) S = Wm {11 m — q\) Ud (208) 

In view of the libcnal fa,c.tor allowed in estimating the value of U, and 
because of the uncan-tainl v of the true value of (/ l.lu; influence of tlie heat 
content of the air entaaiiiment becomcis negligible and the e(piation may 
be written: 

s = w {11 - ty+ 32) -h Ud (209) 

in which 

w = weight of condensate, U). j)cr hr., 

II = heat content of thc^ (exhaust st.(‘am, B.t.u. above 32 deg. fahr., 

ti = temperature of the condensate^, deg. fahr. 

The coefficient t/, as used in ecpiations 207-210, refers to the mean or 
avcj’age value for the (?7itire surface and not. the actual value, since the 
latt(ir varies widely for different parts of the condense^'. The actual value 
varies frcmi moi c^ than 1000 for air-frex' vapor in, the first few rows of tubes 
(where the steam comes dii-ectly into contact with the cooling surface), 
to less than 50 in the bottom row (where the tubes may be practically 
blanketed with the cond('ns(‘d steam), and to 3 or less for tubes surrounded 
only by air. T('sts by various inA-^estigatois show that the actual value 
of U for a given temperature difference varies with 

(a) material, thickness, size, shape, and cleanliness of the tubes; 

{h) velocity of water through the tubes; 
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(c) percentage of air on the steam sicie of the t 

(d) critical velocity of the water in the tubes; 

(e) extent of water blanketing; on the steam side of the tubes; 

(/) viscosity of the eireulatinj^ water. 

Taking the material eoeiheieni, in, of plain copper tubes as 1.00, undei 
similar conditions tiie heat t ransfer foi* other materials is ap])n)ximately 
as follows; Admiralty brass, O.OS, Muntz metal 0.0"), tin 0.70, Admiralty 
lead line 0.70, Monel metal 0.7-4, and Sh('lby steel 0.()I5 Corrosion, oxida- 
tion and pitting have a marked etlect in reoueing tlar heat, transference 
and may lower the conductivity as much as 50 pei- cent. (Sec Fig. 357.) 



Fkj. 3.57. 


The cleanliness coefficient., c, is about 0.0 for siudi waters as those of New 
York or Chicago. The coefllcient of heat transfer ai)pears to decrease 
with the increase in diameter, but since the 1-in. tube, No. IS B. W. C., 
is the most common in use this factor need not be considered for any 
other size. 

Cleaning Surface Condenser Tubes: Elec. Jour., July, 1921, j). 313. Elec. World, 
Aug. 6, 1921, p. 273 

The influence of the velocity of the water through the tubes on the 
coefficient of heat transfer is illustrated in Fig. 358 and Fig. 302. Accord- 
ing to Orrok, the value of U, other conditions remaining (constant, varies 
approximately as tlu^ scpiare root or six-tenths powcu’ f)f the v(;lo(uty. For 
the ordinary low-vacuum (condenser thf‘ velocity through 1-in. standard 
tubes seldom oxccmmIs 3 ft. pei* sec., whei(‘as velotaties as liigh as 8 ft. per 
sec. are not uncommon in the high-vacuum type. An average value for 
the latter is 6 ft. per sec. Except for a very low rate of flow (below that 
in average condenser practice), critical velocities need not be considered. 
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The effect of air on the heat transference is ver)^ marked, as is shown in 
Figs. 360-02. The depression ol the hotwell temperature below that cor- 

respondin/f to the vacuum may 



MV.' cn 

j t’ertain designs ol 
' / condensors inn-v fi:r 


velocity circnliUlntf watcr-ft.por sec. 

Fifj. .'55, S. Vjirijition of Jlrnt Tniiisiiussion 
with Vclocilv. 


be reduced by good design. 

of dry-tube 
frive hotwell 
touipcnitmvs somewhat hif>;her 
than the avefaf;e teiiijiera- 
ture in the condenser, and 
t(\sts ]iav(; l)een jeported on| 
several oth(T desip;ns in which 
the (U'pression was zero. 
OiTok’s investigations show 
that air (‘iitrainnient reduces 
the h(\‘it Iransfei’ence approxi- 
nialc^ly according!: to the law 
(Pv ^ yO ’, ui which = 
pr(‘ssiir(' of the vapor and 
])c the total pressure in the 
condenser. 

The value of (pj, -- p^y va- 
ri(\s within wide limits, but 
for tight condensc'rs with effi- 


cient air pumj)s it. may be taken as 0.9,5. 


The Elect) ical Method of Detecting Sur face Condenser Leakage: Power, Aug. 9, 1921, 
p. 217; .Imi. 21, 1922, ]). 12(i. 

Air in Boiler Feedivaier and (Urndenser: Powt'r, AJarrh 1, 1921, p. ,‘55S. 

How Ejcternat Air (Uudmg Increases the Effectiveness of Condenscr-fnhe Surface: 
Power, May 115, 1924, [) 709 


The reduction in heat, t ransmission due to the thickness of water film on 
both sides of the tubes has been expressed mathematically, but it is cus- 
tomary in condenser design to include this factor in the assumed value of 

u: 

The coefficient of heat t ransmission increases with the mean tempera- 
ture of the circulating water; that is, the warmer the water and the 
lower the vacuum, the smaller will be the mean tempei'ature head required 
to transmit a piactically constant amount of heat thi'ough the surface. 
According to Orrok, 

U = kcpniv^^‘^/(P ( 210 ) 

1 Trans. A.S.M.K., Vol. 155, 1915, p. t)7j Indus, and Engrg. Chem. May 1924, p. 483. 
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in which 

U = mean coefficient as previously defined and as used in connection 
with eciuations (208) and (209), 

fc = experinicntiilly deteiiiiiiied coefficient = 350 for average working 
conditions, 

c = cleanliness co(*ffici(‘nl , 
p — air richness ratio ^ (p„ h- p^-j 
m = material cocdlicieni, 

V = velocity thioiigh the tube, ft. per sec., 
d = logarithmic mean temi)eratiire difference. 



Dcpi'csfllon ol lloLwell W.iter Teiiiinjr.iture below Vacuum Teinpci iitui e, 

De^j. F.ibi 

Vie,. 362. 

The following empirical rule, based on average good circulating water 
and clean coiuh'nscn- tubi\s, gives values of U which agree substantially 
with curi'cnt i)i actice in condenser design 

U = 43.() = X v7 (211) 


VAbXTE f)F K Fim VAUlOnS INTTIAb TEMFEHATUUKS OF CIHrCLATINCi WATER 


liiiliul Tetiip , 
Deg. Kalii 

K 

Liiituil 1>nip , 
Deg J'’ali! 

Kt 

Inituil/l'cMiip , 
Deg Fulir. 

A’ 

40 

145 

00 

170 

SO 

187 

45 

155 

05 

174 

90 

190 

50 

160 

70 

180 

100 

202 


Mean Temperature Differenexi. — It is definitoly knowai that the quantity 
of heat passing through the cooling surface is proportional to some power 
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of the temperature difference at any instant; but the instantaneous tem- 
perature difference is indeterminate, consecpiently it is necessary to 
establish an average or mean 1em})erature difhnence for the whole period 
of thermal contact of th(^ steam and circulating water. 

If = temperature of (he steam or hot substaiua', 

t = any monu'iitary (('mi)erature of the circulating water^ 
to = initial temi)eja(ure of the circulating \\ater, 
t 2 = final tem])erature of the circulating water, 
d = mean tem])erature differ(*n(‘e, 

Q = w('ight of circulating water, lb. j)er hr., 

S = extent of cooling surface, s(p ft., 

Ui = instantaneous value ol the coefli(“i(Mi( of heat transfer, 

U = mean coeflicient (d‘ heat transier foi‘ the entire period of heat 
exchange. 

All temperatures deg. fahr. 

Then the heat transmitted per hour through the elementary surface 
dS is Ui (/.V — /). 

Since the temi)erature rise for this period is dl, the heat absorbed by 
the circulating water pen- houi’ is Qdl (theoretically this should 1)(^ rQdt in 



Fig. 3G3. Curves .Showing P^lTeet of Air Leakage on Camdiuisia' Kllicicncy. 

which c is the mean specific heat of the water, but for all practical pur- 
poses the value of c may be taken as unity). 

These two quantities must be equal, or 

U, {t, - 0 dS = Qdt, (212) 


from which 


dS = Qdi -r- JJi (h— 0- 


(213) 
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If the temperature of the steam is assumed to be constant, is independ- 
ent of ty and if the heat transmitted per hour is assumed to be directly 
proportional to temperature dilTcrenee, U is likewise independent of t 
and Ui = U] theniforc the I’elation between rise in temperature of the 


circulating water and the surface traversed be(;omes 

7"-! 

= Q/U X loiu lit, - O - (/, - /,)] (215) 

For the whole period of transfer, 

SUd = Q (t2- Q (216) 

d = Q ik - to) - (217) 

Combining erpiations (215) and (217) and reducing, 

d = ik - to) ^ loife [(/, - to) -r (/, - t.)]. (218) 


This is known as th(^ logarithmic mean tempcr*atur(i diffenuice and is 
the one most (commonly used in (condenser design. The relation Ixd.ween 

temperature of the 
steam and that of the 
circulating water for 
this condition is shown 
by the solid line in 
Fig. 364. 

If the rise in tem- 
perature of the circu- 
lating water follows the 
dotted line cd, the 
mean tenrperature dif- 
fereiK^e may be ex- 
pressed 

(219) 

This is known as the arithmetic mean temperature difference and is 
used only for rough calculation or whei’e other influentjing factors can 
only be approximated. In general, when the temperature rise is api)roxi- 
mately 20 deg. and where the difference between the discdiarge water 
temperature and steam temperature exceeds 15 deg. fahr., the arithmetic 
and logarithmic methods give substantially the same results, but where 
the difference is less than 15 deg. this is not true. 

If the quantity of heat transmitted per hour is proportional to the nth 
power of the instantaneous temperature difference, as appears to be the 



Fig. 364. Rise of (^irculatiiis-wiitcr Teiiiperjiture in 
C^ondenser Tubes. 


(i = Is - (>2 + to) - 2 
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case in actual practice, and U is assumed to be constant 


Qdt = U (ts — ty dS 

(220) 

Integrating and reducing 



(221) 

By assuiniitioii 


SU(I’‘ = (? (/2 - /„) 

(222) 

.n, c , r n - n) (1, - /„) 

(223) 


This is known as tho cxponvnlidl mean ioniix'i ntnro difToronro. Orrok’s^ 
oxperirnonts lead to a value of n = 0.870. Lo(d)“ assijrns a value of n — 
0.9. Because of the iineca tainty ol the value of f/, it is suflieiently tieeu- 
rate for most purposes to take n = unity, whit*h lesults in lh(' loj*;arithiiiic 
mean temperature differenee. 

Aeeording to ecpiation (200) 

U = ill - + 32) - (/, - Q 


And from equation (2 IS) 

d= ik- io) - l0(Je [Us ~ (o) - - h)] 


Substituting: these values of R and d in ecpiation (209) and solving, we 
have, as a general rule for heat transmission in surface condensers, 


S = 




(224) 


in whicdi 

w = weight of condensate, lb. per hr., 

R = ratio by weight of cin^ulating water to condensate or the lb. of 
circulating water per lb. of condensate, 

U = mean coefficient of heat transfer, B.t.u. per hr. per sq. ft. per 
logarithmic mean temperature difference, 

Lj = temperature of the steam, 

tn = temperature of the discharge water, deg. fahr., 

to = temperature of the intake water, deg. fahr. 

Orrok® gives the following general rule for high-vacuum surface con 

‘ Tran.s. A 8.M.K., Nov., 1916. 

2 Jour. Am. Soc. Naval EngTs., Vol. 27, May, 1915. 

3 Trans. A.S.M.E., Vol 38, 1916. 
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deriscrs operating under favorable conditions 

~ (225) 

The number of tubes of give?) diameter and thickness which will pass 
a given (quantity of water per hr. at a prcdetenniiied velocity may be 
calculated as follows: 

Let d = outside diameter of the tube, in., 

)i = numb(M’ of tubes in each i)ass of the condenser, 

I == length of watx'r t ravel, or total tube length, ft. 

Then, S = 7rr/////12, whence / = 3.83*S' ^ dn. (226) 

By simple arithmetical ealculatioTi it may be shown that 

7; = Q ~ 1233e(d - 2ty^ (227) 

in which I = thickness of the tube, in. 

Example 56. — (Loav -vacuum condenser.) Apjnoxirnate the amount 
of condenser (‘ooliug surfa(‘e for a lOOO-lip. compound engine operating 
under the following conditions: Water rate J() lb. ])er i.hp-hr., initial 
steam pressure 140 11). abs., initial (quality 0.09, inlet of temperature of 
circulating water 70 deg. fahr., vacuum 1 in. Hg. abs. 

Solution. — From steam tables, I, corresponding to 4 in. of Hg. abs. = 
126 deg. fahr. From equation (146), H ~ 867.6 X 0.99 + 324.6 — 
2457/16 = 1025 (approx.). 

In the ordinary engine condtmser, considerable air will be carried with 
the steam into thc^ conik'iise?’, and the hot well d(‘pression may range from 
5 to 20 degrees; assume the depression t-o be 10 degrees, then /l = L “ 
10 = 126 ~ 10 = 116 deg. fahr. 

Any value may be assumed for k greater than 1^, and Itvss than /i. The 
nearer is to io, the greater must be th(‘ (luantity of circulating water per 
lb. of condensate. On the othei* hand, the nearer U is to the less is the 
mean temperature diffiirence d, and hence tlie greater must be the cooling 
surface for a given weight of condensate. When water is cheap and the 
head pumped against is small, (2 may be given a lower value than when 
water is costly and the discharge head is large. In average engine-con- 
denser practice, itn may range from 5 to 20 degrees below b; assume it to be 
10 degrees, then = — 10=116 — 10 = 106 deg. fahr. Equation 

(206a) gives tn = 105.5. 

Because of the great latitude in assuming values of ti and fe, it is suffi- 
ciently accurate to use the arithmetical mean, or 

d = 126 - (70 + 106)/2 = 38.0. 

In engine practice a very liberal factor is allowed in assuming a value 
for U, because of the possible reduction in heat transmission caused by 
the deposit of cylinder oil on the tubes and because of excessive air entrain- 
ment. For the usual engine type of condenser with clean circulating water, 
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a safe value is [7 = 300. Acoordiiifi; to equation (211), U = 300 for v = 
2.8 ft. per see. 

Substituting these values in ecpialion (209) and l educing 

aS = 10,000 (1025 - 110 + 32) ^ 300 X 38 - 1320 stp ft. 

This corresponds to ai)pr()xiniately 12.1 11). of coiulensate ])er hr. per sq. 
ft. of tube surface. An av(M*age ligure connnonly (luoled for ('iigine con- 
densers is 10 lb. of steam per hi*. ])('r s(p ft. of lulx' surface' ioi* 24 1o 20-iu. 
vacuum with TO-dc^gree cooling water. A rough rule is to allow 2 S((. ft. 
of cooling surface per i.hp. 


I'AHLE (17 


TESTS OF 7)0, 000 sg. it. SCKFACE ro\]>F.\SF7{S 


Indi-x 

• 

1 


;{ 

i 

Barometer, merciirv at .5.S.1 (k'g. fain 

29 !);j 

.30 07 

:}() (K) 

.30 38 

VaciiLiiTi, mereiirv at 58 1 deg fahr. 

2S 51 

28 01 

2,S.(il 

29.37 

Absolute press ur(\ in. of llg . 

1 :^2 

2 03 

1 3!) 

1 01 

Temperatures, d(‘g fahr.. 

Cond(*nsate .... 

87 0 

91 5 

80 0 

02 0 

Inlet water . 

78 2 

75 1 

70 8 

.50 0 

Outlet water 

83 0 

SO 4 

80 9 

58 0 

Rise in water 

1 8 

11 :? 

10 1 

8 0 

C()rr(\spoudiug to v acuum 

91 () 

1(K) (> 

89 4 

05 3 

Between camdonsate and stcaini 

A () 

9 1 

3 4 

3 3 

Mean (bneriMice (log) 

10 8 

19 4 

12 9 

9.41 

Condensate, lb. jier lir , thousands . . 

180 7 

:{73 7 

357 0 

3(X) 0 

Water, gal. pc’r min , thousands . . . 

Lb. water per lb. of st.eain 

72 5 

03 8 

04 7 

71.5 

2(K) 0 

98 5 

91 0 

110.0 

Air leakage, cii. ft. jier min. ' 

tl 9 

0 5 

10 9 


Coelfieient of hiaU tiansinission 

:V22 

372 

190 

598* ’ ’ 


1, 2. Unit ]^12, SFVority-foiirdi S( Station, I iifcilMiroiif^li Rapid 'JVnns , 1916. 

3. Unit Fifly-iiinth St Station, I iitcrbtn Rapiil Tians , 1920. 

4. Unit jfX, Williamsburg Slat ion, Brooklyn Rajiid Urans,, 1920. 


Example 67. — (Tligh-vacuuni condenser.) ('tilcuhite the amount of 
tube surface required for a 10,()00-kw. turbine ojierating under the follow- 
ing conditions: Water rate 124) 11). per kw-hr., initial absolute pressure 
200 lb. per sq. in., superheat 150 deg. fahr., temperature of circulating 
water 70 deg. fahr., vacuum 1.5 in. Hg. abs , water velocity through tubes 
6 ft. per sec., cooling surface to consisl of 1-in. (18 B.W.G.) Admiralty 
tubes. 

Solution. — For maximum theoretical efficiency = U = ts‘ This 
condition is possible only for air-free vapor, perfe(;t heat transmission, 
and no pressure drop between turbine nozzle and air-jmmp suction. 
(From steam tables, t, corresponding to an .absolute back pressure of 1.5 
in. = 91.7.) Assume h = is — 3 = 91.7 — 3 ^ 88.7. The temperature 
of the condensate varies from U = — 0 to U = — 4 deg. fahr., and 

varies from ^2 = — 4 to — 12 deg. fahr. From equation (206a) 

U-h = 10 . 1 . 
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P>om Example 55, the conditions of which are the same as for this 
example, we find R = 79.8; = 81.6. 

The condenser must he designed for the maximum load when the cir- 
culating water is at it.s highest tcmjjcrature, and where reasonably good 
water is not obtainable a suitable factor should be allowed for dirty, 
oxidized tubes and the presence of undue amounts of air. For this reason 
a much lower value of U is ordinarily assumed than is j)Ossible with 
everything in first-class sha])e. Acc'ording to eciuation (211), U = 440 
for a velocity of (i ft. per sec. 

1 APIA-: OS 

MODKllN SUIirACr-(’ON'DENSEU CRoroimoNS 


lni(i;i! j>jc‘hsuii‘ 275 Ih ftaja' .'iiul luuloi. 

Imt uil iornpoi.H iin* 000 fiihr jiDd umlrr 
No liK‘(*tlum slaK‘‘'' 


Sizt' of Tui Imj- 

Ki'iKM'alor 

'riiiio Svii 

Sd I'i 

S<( I’t 'I'uIk' 

Sui f.’K 1“ |H‘I K\v. 

Sizo of Till l»o- 
KOiieratoi 

Tube Sin fare 

Sii . 

S(1. Ft. Tube 
Suifjjco per K 

.'iOO 

urn 

5 (K) :? 50 

10,fK)0 

17,500 

] 75-2 25 

l(M)() 

2,750 

2 75-5 25 

15,000 

25,(K)0 

1 07-2 00 

2000 

5,(K)0 

2 50-5 00 

20,0(K) 

.52,000 

1 ()0 

r>(K)0 

i0,(K)0 

2 0(V 2 50 

;i5,0(K) 

5(),000 

1 ()0 

irm 

j;L500 

J SO-2 25 

^10,(K)0 

00,000 

1 50 


TABLE 00 

LAlKiE SCTIFA(^E“< ONDENSEH INSTALLATIONS 
n'.l2l H)24i 


Sl ill ion 

Size of Tuibo- 
HL'iinraloi , 
K«, 

liiiiiiil 

I’leHaiiin 

Lb (bifjo 

Stoain 

Tninpi'rat iiic, 
Den Fiilii. 

C\)ndcnsor 

Surliiee, 

Sq Ft. 

Sq Ft Sur- 
Itiep per Kw. 
n.Ueil f’apaeity 

Cahokia .... 

;{o,(K)o 

500 

700 

55,CK)0 

1.76 

BarbtidoH 

25,0(K) 

500 

625 

'15,CK)0 

1 77 

Calumet.. . 

:io,ooo 

.500 

622 

52, OCX) 

1 73 

Colfax 

(U),000 

265 

611 

1(X),000 

1 66 

*Genncvilliers . 

40,000 

515 

705 

57,6.30 

0 94 

Hell Gate 

40, OCX) 

250 

607 

57,000 

1 43 

Hudson A VC. . . . 

.50,(K)0 

265 

611 

70,000 

1 40 

Kearney 

.55, (KK) 

525 

700 

.50,000 

1 43 

Lansing, Mich 

15,0(K) 

275 

609 

27,000 

1 80 

Marysville 

50,000 

275 

7.00 

50;550 

1 02 

Northeast, Kan 

50,000 

2S0 

650 

45,000 

1 50 

South Meadow 

20,000 

250 

640 

50,000 

1 50 

Springdale 

25,CXX) 

300 

690 

32,000 

1 28 

Steel Point 

10,000 

200 

500 

16,2.50 

1 62 

Trenton Chann(‘l . 

50,000 

too 

700 

52,000 

1 04 

Wabash River , . 

20,000 

300 

650 

40,000 

2 00 

Waukegan . 

25. OCX) 

350 

700 

32,000 

1 60 

Weymouth. 

50.000 

575 

700 

45,000 

1 50 


City of Pans. 
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Substituting these values in equation (224), 

12 X l(M)()0 X Sl.G _ , 91.7 - 70 

•' ' T4(i X '"■'•.11,7 - Si;(i 

= 22j2r>0 X 0.7()55 = ] 7,000 sq. ft. (:ij)pr()X.). 

corre.spoiuiiiifz; to 1.7 s(j. ft. jX'r k^v. of turOiiio rnlin^. 

Sec TahloK 08 and (iO for iiiodcMii condoTLscr })roj)ortioiis. 


Condensing Eqiii pinciit- ]{('))()rt of Priiiio MovtTs Coiniiiitlet', N.IO Jim., 1926. 
Dcicnnining the Econoinuud Inteiral hetuuin Cleanings t>J (\ni(lcnser Tubes, Power, 
Nov. 20, 192;5, p. 8();i. 


225. Dry-air Surface roiidensers. — Ordinary aliiiosphorie air may be 
iLsod as a (‘ondensino and cooling nK^liiini for sm fa(*c condensers, Init the 
volume of air to be circiila1(‘d and llie extent of cooling surface necessary 
to effect the desired rc^sulls iwe very Jiigh beoausi' of tlie low demsity and 
specific heat of the air and the poor lu‘at transmission from steam to air. 
The power required to circulate the air is also v(‘r\’ higli. A few plants 
in Western Australia and in ('enti'al Africai vvtne 0 (|uipped with dry-air 
condensers in the c'arly days wlum the internal combustion engine was 
undeveloped and long distance^ transmission lines wer(‘ unknown, but they 
have long sim^e been aljandoned and no new plant of this type has been 
installed for years. Th(‘ juodern steam automobile is an example of the 
api)lication of atmos])h(Mi(‘ air for* condensing steam, but, the quaTitities 
involved aie comi)ar‘a(iv('ly small and no other cooling medium is avail- 
able. Some' idea of tli(‘ enormous extent, of (‘ooling surface and the tre- 
mendous voluni(‘s of air n(‘C(^ssary to cool even a small quantity of steam 
is evidenced by the j)ei‘formanee of the old abandoned air-cooled plant 
in the City of Kalgoorlie, West Australia. Th(‘ jdant, rated at 2000 hp., 
had 45,000 sep ft. of condenser surface and lexpiired t)00,000 cu. ft. of air 
per min. at 80 deg. fahr. to condense th(' steam at rattnl load. The fans 
circulating the air retjuiied 200 hj). or 10 per cent of the station output for 
their operation. The vacuum ranged from 13.0 in. frelerred to 30-in. 
barometer) with air at 108 deg. fahr. temperature to 22 iii. with air at 43 
deg. fahr. 

The volume of aii*, under atmospheric conditions, nccessai*y to condense 
steam to any given temperature may be determined as follows: 

Let H = heat c.ontent of the steam at condensci* pressure, 
is = temperature of the vaj^or in the condenser, 
i] = temperature of the condensed st(‘.am, 
t = temperature of the air entering (condenser, 
to = temperature of the air leaving condenser, 

V = volume of air in cu. ft. necessary to condense and cool 1 lb. of 
steam, 
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B = specific weight of air under atmospheric conditions, 

C = mean specific heat of air under atmospheric conditions, 
d = mean temperature difference between the air and steam, 

S = cooling surface in sep ft., 

U = coefficient of heat transmission, B.t.u. per sq. ft. per degree 
diffeiencc in temperature per hr. 


Since the heat absorbed by the aii* must be ecpial to the heat given up by 
the steam, neglecting radiation, we have 

VB(\fo - 0 = H - t, + 32, (228) 

from which 


// - + 32 

BCUo - a 


(229) 


For practical purposes, C may be taken as the sj)ecific heat of dry air, 
the error due to t his assumption being negligible (^ven if the air is saturated 
with moisture. 


Example 68. — How juany vai, ft. of air are rieca\ssary to condense and 
cool 1 lb. of saturated steam under the following (M)nditions: N'acuum 10 
in. Hg. abs., temperature of entering air, leaving air, and condensed steam, 
GO, 110, an(l MO deg. falir., r(‘spectively? 

Solution. — Here 11 = 1130 (from steam tables), 

= no, t, = 140, f = 60, C = 0.24, B = 0.075. 

Substituting these values in equation (229), 

1130 - 140 + 32 r. r • 

V = 0.075 X 0.24 (110 - (iO) ^ <^0°- 

dense 1 lb. of steam under the given conditions. 

The proper area of cooling surface de])ends upon the valiK' of the (coeffi- 
cient of heat transmission, which varies with the velocity and humidity 
of the air and (character of the (cooling surface. Accurate data are not 
available on this point. 

A few experiments made at the Armour Institute of Technology gave 
values of ?7 = 10 to 25 B.t.u. per hr. per sq. ft. per deg. fahr. difference in 
temperature for air velocities of 500 to 4000 ft.* per min. for corrugated- 
steel sheeting 1/8 in. thick. Assuming these values of U for the above 
example, S = 1.5 sq. ft. oi cooling surface per lb. of steam condensed per 
hr. for air velo(iity of 4000 ft. per min., and S = 3.7 sq. ft. for a velocity 
of 500 ft. per min. 

Air heaters of the bleeder type are identical in theory with the dry-air 
surface condense!*, but the primary object in this case is the heating of the 
air and not the condensation of the steam. With the heating surface made 
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up of small tubes and extended sheet -metal fins, as in the Griscom-Russell 
U-fin Preheater, the eoefTieient of heat transmission is very high and large 
quantities of air may be heatc'd in a eomparatively small chamber. 

226. Saturated-air Surface (^ondensers. — If, instead of using ordinary 
atmospheric* air as a cooling medium, a small amount of water is permitted 
to trickle over th(' surface of the tub(\s, so that the air leaving the condenser 
is saturated or nearly so, tlu' volume of air necessary to effect a given cool- 
ing effect is greatly reduced. This rediiclion in air volume is possible 
because the water is v{ij)orized and absorbs .a considerable portion of the 
heat given up by the hi (‘am in condensing. While tlie air itself absorbs 
part of the heat, its primary o()j('ct in (his connection is to carry away 
the vapor. Condens(‘rs of tins type a.i(‘ not much in (evidence, but a few 
installations are to be found in small plants where circulating water is 
scarce aTid va(‘ua above 20 in. are not necessary. Figure 305 shows 
vertical and horizon- 
tal se(‘tions of a. 

Penncl saturat ed-air 
surface condenser, 
illustrating the piin- 
ciples of this class of 
apparatus. The ap- 
paratus consists of an 
upright (;ylii i ( Irictal 

shell containing a 
number of vertical 
4-in. steel tulx'h 
through which air is drawn by natural draft. A centrifugal pump cir- 
culates about one-half gallon of water per hp. per min. from a cistern 
below the condenser. The water, flowing over the ui)per tube sheet 
and then descending the tubes by gravity, forms a film over their entire 
interior surface. 

The condensing action is as follows: The current of exhaust steam 
entering the side of the sheet at A is caused by suitable baffle plates to 
circulate among the tubefe, and in condensing gives up its latent heat to 
the water film, which wholly or partially evaporates, saturating the ascend- 
ing current of air to its own temperature. The upward current of hot 
vapor-laden air carries off the heat into the atmosphere. The cooling 
water that is not evaporated and lost to the atmosphere falls into the 
cistern, being kept constant by a float governing a valve in the supply 
pipe. The non-condensable gases (lollect at C, where they are removed 
by the dry-air vacuum pump and discharged into the hotwell. An excel- 



Etc. 1^05. PcniKd S;iturated-air Surface Condenser. 
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lent feature of thi.s device is that the film of water on the cooling surface 
is secured without interference with the ascending air currents and also 
without the use of sprays thiough small orifices likely to become clogged 
with rust or sediment. 

The weight of water eva])orated in this type of condenser is approxi- 
mately equal to that of th(‘ condcaised steam, and the volume of air is 
about 2 per cent of that which would bo recjuirod if dry air only were 
used. These volumc^s, of course, vary w'id(‘ly with the temperature and 
relative humidity of the aii‘, and the heat to 1)(^ abstracted per lb. of steam. 

By forcing air through the tubes mechanically and by injecting a small 
amount of waUii- spray into t,h(' enteiing air, th(‘ saiiK? effecd. ma}^ be pro- 
duced as with natural draft, and much less cooling surface is recpiired, 
but the work d(jne in moving the air is greatly inen^ased. Considerable 
experimental work has been carried out. with this typ(^ of apparatus for 
situations w^here circailating water is costly, as, for example, in isolated 
stations for office buildings and the like; and while high vacua are r(ia.dily 
obtained, the ])owau- recpiii’ements of the fan arc‘ (*xc(\ssive and the scale 
deposited on the cooling surfac^e by the evaporation of the water necessi- 
tates frequent, shutting down of the apparatus foj‘ cleaning jnirposcs. 
The air and water requirements are substantially the smne as for the 
natural draft apparatus, but it should be lemembered that any proportion 
of air and water may be used, ranging from all water to all atmospheric 
air. 

See Example 121 for calculations. 

227 . Evaporative Surface Condensers. — While saturated-air surface 
condensers are in reality evaporative condensers, the latter term is usually 
applied to those in w^hich the medium to l)e condensed is on the inside of 
the cooling surfac^e and the condensing water flows over the surface in the 
form of a thin film. This type of c.ondenser is in common use for con- 
densing ammonia in refrigerating plants but is not much in evidence in 
the modern steam power plant. When used for steam condensing pur- 
poses, the apparatus consists usually of a number of copper, briiss, wTought- 
or cast-iron tubes arranged horizontally or vertically and connected to 
manifolds or chambers at each end. The exhaust steam passes through 
the tubes and a thin film of water is allowed vo flow over the external 
surfaces. The cooling effect is brought about by the evaporation of part 
of the circulating w\ater, and the general principle of operation is the same 
as that of the saturated-air condenser described above. Evaporation is 
sometimes hastened by constructing a flue over the tubes, thereby creating 
a natural draft, or by means of fans. With horizontal cast-iron tubes 
and natural draft, vacua from 23 to 27 in. are readily maintained with a 
cooling surface of approximately .8 sq. ft. per lb. of steam condensed per 
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hour. With vortical brass tiil)os and fan draft, 8 lb. of steam per hour 
per sq. ft. of coolinp; sinface is not an unusual fif;uro. The amount of 
cooling water evapoj*at(‘d per lb. of steam varies from .8 to 1 lb., depend- 
ing upon the diafl. The ik)W(M’ necessary to operate the pumps and fans 
varies from I to 10 i)er cent of the total output of the j)lanl. For an in- 
teresting discussion of evapoiativ(‘ condensers, the reader is referred to the 
admirable ai ticle by Oldham in 1h(^ J^rocmliniis of the Jnstiiute of Mechan- 
ical En(jincers, 1809, and reproduced as a serial in Kn()ifurn'n(j (London), 
April 28 to June IK), 1809. The following ^est of a vertical cast-iron tube 
evaporative surfac'c condenser (I'abk' 70) will give some itlea of the per- 
formance of this ty])(^ of (!ondens('r. This condenser consists ol two rows 
of 4-in. verti(;al cast-iron ])i])es (‘oniu'cted at tlu' top by U bends and at 
the bottom by cast-iron manifolds. A perforated ii'on trough distributes 
the water over tlu' center of the l)end and (‘aus(*s it to flow in a thin stream 
over the surbicc' of the tub(‘s. A w(‘t-air ])ump is used lor withdrawing 
the condensed steam and air. No fan is us(h1 for hastening evaporation. 

See Cdiaptei’ XXIV, for evapora.tiv(‘ surl’ace-i'ondenser calculations. 

Evaporatlrc (^ondcHsers , Load, ]\l:iv r>, ISSt), f)i). i'.V2, 442, 447; Engrg., 

May 19, 1S99, \). (Uil, Jiuic 2, 1S99, p. 721, .liiiir M), 1K99, p. Stil; Trans. A.S.M.E., 
14-696; Power, Xov 16, 1909; Prae Kngr. U. 8., Juii(‘, ItUO, j). 


TMUJ': 70 

TEST OF A (’\ST-IH<)N, \ FHTK’AL TCni:, KVAPOKVTIVE SlIItFAC'E CONDENSER, 

NATCUAL DUAFr 


Date 

Weather 

Harom(*t(*r . 

Temperature of air 
Coolinp; surface, ('xlernal 
Duration of trial, min. . 

Weight of steam condensed, 11 > 

Boiler i)ressiire, Ih. giigi* 

Weight of wat(‘r in circuhilion, lb 
Weight of fresh water added, lb 
Vacuum in condensi'r, in Ilg 

Initial teinperat ure of circulating water, d(‘g. fahr 
Final temiieral ure of ciiculating water, deg fahr 
Temperature of 'hnakeup’' watci, d(‘g fahi 
Temperature of water in hot well, deg. fahr 
Weight of steam condenscal, lb. jier hr. 

Weight of water circulated, lb. per hr. 

Weight of "makeup’' water added, lb. fx'r hr . 
Weight of steam condensed [ler lb. jier stj ft. of 
cooling surface ])er hr. 

Weight of "makeup” water per lb. of steam con- 
densed, lb. 


Sepl. 12 

Sept. 13 

\V(d 

h'lne 

29 S 

29.5 

? 

60 

272 

272 

99 

115 

KOO 

800 

60 

60 

ih:io 

1830 

(itK) 

640 

25 56 

24 1 

117 5 

113 9 

12S 4 

125 

58 

58 

156 5 

131.8 

485 

427 

6780 

? 

564 

334 


l.S 
0 75 


1 54 
0.80 



erfLKM WUVNt 


mg, LacMii0n and Arrmngemrnt at Cgndfiim and AuxiU^v^^ 

the nuHieni .Meaiu f)lanf one f wo fi^eunal tuniuf^rnuouts 

and auxiliaritw (Ij llw independent itr suhdiviilfHl systnu^ in 

engine or tui'l^ini' is provnied with its own comlcnsei) mi' tiiul drcnh^i^^ , 
punipSf and {2} the central system, in which the condensers und auxilhini‘^ 

are grouped together. In the hitter t^ystcin one condenser ordinurily 
suffices for all engines. 

Independent System. — This system is used in practically all electric 
power stations of whatever size. The condenser should be piped as 
directly as possible to the engine or turbine exhaust opening, in order to 

avoid excessive ])ressure drop. If pos- 
sible, the condenser shoukl be placed ' 
helow' the ])rim(^ mover so that all 
condensation may gravitate into it. 
Figure 3()() shows the usual arrange- 
ment of condenser and auxiliaries in 
the older designs of piston-engine, 
low-level jet condensing plants where 
high vacua were of secondary consid- 
eration. Here ('ach condenser jeceives 
its sup})ly of cooling water from a 
main injection pipe and discharges into 
a main discharge jnpe. The ('.xhaiist 
steam leading to the coTidens(u* is 
by-passed through a suitable atmosi)heric relief valve to a main free- 
exhaust header, so that the engine may operate non-condensing in case 
the vacuum breaks or the condenser is 
cut out. The wet-air ]iuin]D is integral 
with the condenser chamber, and the 
entire installation is compact and 
simple. Occasionally conditions are 
such as to ne(‘essitate placing the con- 
denser above the engine-room floor, as 
in Fig. 307, but such a lociation should 
be avoided if possible, as it usually re- 
quires a larger number of bends and 
joints in the exhaust pipe than the 
basement arrangement. 

Figure 308 shows the general arrangement of condenser and auxiliaries 
in the new power plant, of the Johns-Manville Co. and illustrates a modern 
jet-condenser which has been installed in connection with a 2000-kw. 
turbine, and in which the air pump is of the hydraulic type. The con- 
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donsor body is floxibly connected to the turbine by means of a corrugated- 
copper expansion j oint . 

The back-outlet type to Ah«o.,.wu. - , 
of gate valve, placed 
between the expansion 
joint and condenser 
inlet, provides a means 
of cutting out the con- 
denser and shunting 
the exhaust to the at- 
mosphere should occa- 
sion arise. The tail pii^e 
of the hydraulic air 
pump discharges into 
an open sump from 
which the air is lib- 
erated and the sealing 
water is recirculated. 

Figure 309 shows the geiiej*al asseml)ly of a ( \ IT. Wheeler low-levc) jet- 

condenser as applied to a 2r)()0-kw. 
turbine and illustrates the applica- 
tion of a steam ejector for air-vapor 
extra(rtion. The cetitrifugal tail 
I)unip is the only moving element, 
and the siinidicity of the entire 
condens(‘r etpiipment is apparent 
from the drawing. The steam 
ejector has practi(;ally supplanted 
the other typos of air pumps in 
the modern condensitig plant. Fig- 
ure 370 shows a typical layout of 
a 10,()00-kw. jet-condenser with a 
combined turbine and motor driven 
tail i)urni) and served with two jet 
air pumps, each of half capacity at 
29-in. vacuum and therefore of suf- 
ficient capacity to carry full load 
at vacua of 28 in. This arrange- 
ment makes i)ossible a 50 per cent 
saving in steam during the sum- 
mer months with wann circula- 
ting water, when it is not possible to obtain much more than 28 in. on 



level Jet-con denser and Auxiliaries for 
High Vacua. 
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the main unit and when, with warmer condensate temperature, no steam 
is required for heating the feedwater. 



Fits. 370. Modern Low-level Jet-eondeiiser InstMllal iori for Large 
'rnrbo-generator Units. 


Figure 371 shows the gt'iieral airangoinent of the (‘-ondoiising equipment 


in the power house of tlie Bangor Ekn'tric 
Co., illustrating an ai)plication of a Koerting 
low-level multi-jet (‘.ondenser to a 750-kw. 

To Atuioephere 750 K W 



Fig. 371. Low-level Mnlti-jet Condenser 
Installation. 

turbo-generator aliove the turbine-room 
floor. This system opei’atcis without circu- 
lating or air pumps and maintains a vacuum 
of 28 in. with 70 deg. fahr. water under full- 



Fig. 372. Modem Installation 
of Barometric Condenser. 


load conditions. Injection water is supplied from an elevated flume under 




CONDENSERS 545 

a natural head of 10 lb. and discharges under gravity from the hotwell 
to a creek. 

Figure 372 shows a typical installation of a baionieiric condenser served 
with steam jet air pumps. The water from the inter-cooler (whether of 
jet or surface ty})e) is ordinarily drained directly to the overflow well, 
the tail pipe being submergc'd, as indicated. 

Figure 350 illustrates the usual layout of small surfai'e condcuiser and 
auxiliaries wheie the heat balance justifies the \ise of direct-a(‘ting pumps. 
Figure 351 shows tlie more common arrangement in which the air pump 



Fig. 37:C Longitiidiiifil of tlu* .50, 000 Sq. Fi. Condenser at 

“Northwest” Slation. 


is of the single-stage ejector typt^. In th(‘se small installations no provision 
is ordinarily made for expansion l)etween condenser aTid engine or turbine, 
or between condtaisei- and auxiliaries. With largt‘ surfatie condensers 
such provision is necessary. Figure 373 shows the arTangenient of con- 
denser and auxiliaries in the Nordliwest Station of the Commonwealth 
Edison, illustrating the method of compensating for expansion. The 
condenser is rigidly bolted to the turbine exhaust and is supported on a 
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number of heavy springs J The circulating pump is flexibly connected 
to the condenser through a suitable expansion joint. The air pump is of 
the hurling water type. 

Figures 374 and 375 show modern arrangements of surface condensers 
and auxiliaries in which the air removal is effected by steam jet pumps. 



Fig. 374. Tyi)ical Arnirigomcnt of 2r)(K)-kw. C\ 11. Wh(‘C‘lcr Tur))o-^»;c‘n(‘rator 
( kiiidonscr and Aiixdiarics. 

In some designs the exjiansion joint is of iul)ber instead of cornigated 
copper as illusti'ated. With surface condensers, a siphon system of cir- 
culating should be inst alled where iiossible, with the highest point in the 
system not over 2(b23 ft. above lowest water; and, if the condenser is 
installed directly above tlu' inl(d. and outlet tuniK'ls, the woik of forcing 
the water through the system is limited to jiractically that of the friction 
through the tubes. With a siphon system, a lise in watei* level in both 
tunnels will not alTect the ])uniping head and ipiantity of water dtlivered. 

In some of the latest central station installations, of which the Crawford 
Ave. Plant is an example, the condensers are of the vertical type, two 
for each turbine unit, these condensers standing alongside the low- 
pressure cylinders. 

Central condensing systems are not in evidence in the modern steam 
plant except in connection with steel mills or other industrial plants in 
which it is desired to operate condensing a number of comparatively 

^ Methods of Connect iiiji; (\aidcn.sers to Turbines: Report of Prime Movers Com- 
mittee, N.E.L.A., T5-21, 1921, p. U). 
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small steam-using appliances or where the exhaust is intermittent. The 
particular advantage of this arrangement is the rcdviction in the number 
of auxiliary pumps and the inevention of loss of vacuum in case one or 
more steam units are not operating. This system is not used in connection 
with engine or turbo-generators. 



Fig. 375. 5(),(K)0 Sq, Ft,. ( V)n(l(*nsor Liiyout with Three-cilement Wheeler 
Stonin Jet Air Pump. 

229 . Choice of Condensers. — Th(‘ jiropor wole(;t,i()U of coruleiiser and 
auxiliaries for a proposed installation (hqiends ii[)on the conditions under 
which the jilant is to be operated. These conditions vary so widely in 
practice that only a few of the more important factors will bo considered. 
The principal advantages and disadvantajj-es of th(^ three types of water- 
cooled condenstns are as follows: 


Advant.\ges 


Disadvantages 


• Surface 

Re-use of condensate for boiler feed. 

Re-use of condensate for ice jiroduction 

Readily adapted to the weip;)ung of con- 
densate for tests. 

Slightly better vacuum obtainable. 

Advantage of low [luiriping la^id through 
siphon action. 

L(\ss chance of losing vacuum because a 
drop in vacuum does not affect water 
supply. 


Condenser 

First cost- high. 

Maintenance high. 

Requires consKlerabhi building space to 
remove tubes. 

Acidulated water or water containing for- 
(*ign matter in largo quantities may pre- 
clude the use of surface condensers. 

More h(‘ad room necessary' to obtain suffi- 
cient head on hotwell pump. 
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Barometric Condenser 


Condenser proper not costly, but pij)in|^ to 
it is expensive. 

No possibility of flooding: turbine as in the 
case of fi low jet (Kinclenser 

Maintenance low. 

The u.se of acidulated widet possible. 

Requires less circulating; water tliaii sur- 
face condenser. 

Re(|uires little building spaf (‘ 

Equipment simple No hot well pumf) 
necessary and in some forms no vacuum 
pum]) IS required. 


Lonp; exhaust pipe line to condenser which 
entails hi^;h initial cost and greater pos- 
sibility of air leaks. 

Loss of vacuum belwci'n turbine and con- 
denser, winch may amount to J inch or 
even more 

As eondc'iisi'r coni' Kenerall> extends above 
roof, it does not lend itself to economic- 
al station di'sipn when boiler room and 
t urbine room ari' jiaralliil and contigu- 
ous. 

Waste of condensate. 


Jet Condenser 


Least expensive tA’])(‘ of condi'iiscr. 
Requires le.ss buildinp; sfiaci'. 

Equipment simpler bi'cause hot well pump 
IS not necessary 

Requires less circulating wati'r than sur- 
face condenser. 

Maintenance low. 

The use of acidulated wat er jiossible. 


h'ailure of removal pump would flood 
tiirkini'. Proti'ction is jirovided by a 
vaeuurn-lm'akinv; float valve. 

Waste of condensate 

Hif^h pow(T for wati'r lainifiiCK. 

Iligih power for air pum}) (about twice that 
for surface condensers). 


Conclonscr auxiliaric^s aro driven cither by steam or eloctrio motors or 
a combination of both. In the small power hous(‘ which is not part of an 
inter-connected system and where the ])lant does not operate on a twenty- 
four-hour basis, steam-driven auxiliaries are, as a j^eiuMal rule, the Ixist 
investment provided all the ('xhaust can be used for fecnlwator htxitinp; or 
other useful [lurposes. If there is more exhaust than can be utilized for 
feedwater heating or other purposes, part of the auxiliaries may be opera- 
ted by duplex or combined steam and electric* drives. In starting up, the 
steam unit is put. info commission until current is available, when the 
governoi' automatically cuts in the electric drive. The circulating juimp 
is usually of the st(\am-turbine-driven centiifugal type, though, in some 
of the very small i)lants, Ihe recipiocating type is pieferred. Steam jet 
air pumi)s arc* used in all but the vc'ry smalk^st ])lants and have pra(d.i(;ally 
supplanted the piston or hydraulic type. All condenser auxiliaries in 
these plants are ordinarily oj)erated at full load irrespective of the load 
on the main unit , low tiist cost and simplicity of operation being of greater 
importancjc than heat (’.conomy. 

In the large cc'ntral st.ation the type of drive is largely a matter of the 
station he^at babincc*. (See paragraph 2()5.) Whihi steam-driven auxilia- 
ries are found in a number of recent designs, the present tendency is to 
rely more and more upon motors as a soince of power for all auxiliaries. 
In order to insure against shut down of the main units through failure of 
power supply to the auxiliaries, the more important auxiliaries are supplied 
from a separate source of power, such as a house turbine, or are operated 
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by duplex drives. DuplieatioTi of auxiliaries is now practically standard 
practice with surface condcTusors for units of 15, OCX) kw. and over. Some 
of the more recent installations employ two constant-sj)eod pumps on a 
single condenser having divided watei-box construction. These pumps 
are provided with dischajge valves as well as a l)y-})ass valve, so that 
either pump may be used to supply water to the entire (*ondenser, or each 
pump may supply water to one half of the condenser independent of the 
other half. Further economies have been obtained by the use of two- 
speed motors on either one or both of the pumps. The most efficient 
method of regulating the circulating supply is by the Uvse of vaj’iable-speed 
drives foi’ the pumps. Several reccait condenser installations arci pro- 
vided with this means of (*oiitrol. Hotwell pumps are invariably of the 
centrifugal type, and an' of either t,he single or two-stag(^ tyjie depending 
upon the design furnished by the condensei* manufacturer. Owing to 
their reliability, low steam consum[)tion, low maintenance cost, and com- 
pactness of installation, air pumps of the ej(M‘tor type have practically 
supplanted the piston or hydraulic lyj)e of air pump. l'"or a description 
of the various types of ciixailating condensate and vacuum pumps found 
in practice, see j)aragrai)hs 280 to 289. 

Steam Condensing Plonis: J’ A. HliiutI, Trans. A.S.M.IO, Vol. 43, 1921, ]). 1051. 

Relative EJficu'nrg of Various Tijihs of Condensing Apparatus. Brewer and Stivers, 
Meeh. Engrg., Oct., 1921, p. 072; Power, Nov. 15, 1921, p. 1092, 

Turbo-generators and (Unidensets for Modern Powei Plants. Oansliird and Carothers, 
Elec. Rev., Sept. 17, 1923 

Selecting Condensing Eipnpmeni for Power Plants. R. June, Elec. Rev., Sept. 17, 
1921, p. 431. 

Application of Steam Condensers: Selection of Size: E. A. Burg, Elec. Jour., Jan., 
1921, p. 17. 

Air Pump for Condensing Equipment: Frank R. Wheeler, Meeh Engrg., Dec., 1919. 

330. Water-cooling Systems. — When an ample supply of cooling water 
is unobtainable, for natural or economic reasons, the circulating water 
may be used over and over again by employing suitable cooling devices. 
The four systems most (loiiimon in practice are; 

1. The simple cooling ])ond or tank, 

2. The spray fountain, ' 

3. The cooling tow('r, 

4. Coolers — surface type. 

231. Simple Cooling Pond. — The simple pond is one of the oldest 
means of cooling and storing water for industrial and power plant pur- 
poses. The cooling action is independent of the depth of water and varies 
directly as the surface, the amount of heat dissipated for each sq. ft. of 
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exposed surface depending upon the temperature of the water, the tem- 
perature and relative humidity of the air, and the velocity of the air 
currents or wind. The maximum theoretical point of cooling is that of 
the temperature of the wet-bulb thermometer. The cooling action is 
effected by (;onduction and evaporation. Where the r(^lativ^(j humidity 
is 100 per cent, all cooling is practically by convection and the amount 
of cooling is limited entirely by the amount of air that passes over the 
water to be cooled. Air is seldom quiescent, there being at all times some 
movement. Even if there is no wind blowing, the action of th(i heated 
water on the air would tend to create upward air currents and thus facili- 
tate the action of (tooling. Were this not so, there would be absolutely no 
cooling possible unless there were wind movement. When the relative 
humidity is less than 100 per cent — and this is invariably t.he case even 
during a heavy rain stonu — i)art of thei cooling is by evaporation. The 
amount of heat dissipated per s(j. ft. of pond surface in ])erfectly calm air 
has been the subject of considerable experimental investigation, but the 
results have been decidedly discordant. Ev('n if rules wert' available for 
calculating the amount of heat, dissipated under these conditions, they 
would be of little service in det(M‘iiiining the extent of surface necessary 
for practical installations because of the varial)lo influtiiice of air currents. 
For this reason engineers find it convenient to use rules of thumb which 
experience has taught will give satisfa(;tory results. A common rule is to 
allow 6 to 8 sq. ft., of pond surfac>e per lb. of water to be recirculated. 
Another, and perhaps more genei-al rule, is to allow a heat transmission 
of 3.5 B.t.u. per hr. per s(p ft. of pond surface per degree difference in 
temperature between that of the air and the condens(u* discharge water. 
Since the heat is dissipated chiefly by evaporation, the weight of water 
evaporated is a fair index of the amount dissipated and approximates 1000 
B.t.u. per lb. In the new plant recently installed by tlie Wcst(n-n Light 
and Power Co., Boulder, Colo., 3 sep ft. of pond suiface is allowed per 
1000 B.t.u. per hr. to be removed fioni the circulating water. 

Box gives the following formula for the rate of evaporation in perfectly 
calm air: 


E = (243 + 3.7i) (F — i;). 


( 230 ) 


in which 

E = evaporation in grains per sq. ft. per hr., 
t = temperature of the water, deg. fahr., 

V = maximum vapor tension in in. of mercury at temperature t, 

V = actual vapor tension. 
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A few scattering tests show that the evaporation as calculated from 
equation (230) should be increased 25 per cent for each mile per hr. of 
wind velocity. 

Example 69, — How many 11). of water will be evaporated per sq. ft. per 
hr. from a pond, with the temperature of the water and air 80 deg. fahr.; 
air perfectly calm; barometric pressure 29.5 in. and relative humidity 70 
per cent? 

Solution. — The maximum va))or tension at tem[)eralure of 80 degrees 
is 1.03 in. of iiK'rcury. The actual va[)or t(aision will be 

1.03 X 0.70 (= relative humidity) = 0.721. 

Substitute these values in e(pialion (230), 

E = (243 + 3.7 X SO) (1.03 - 0.721) 

= 107 grains per s(p ft., per hr. = 0.024 ll>. per sq. ft. per hr. 

It will be noted that iiny one of tlu^ preceding rules gives an enormous 
pond surface for even a siriall (‘oohng etlect. I^"or this reason the old- 
fashioned cooling ponds are seldom found in the modein plant ejxccpt 
where ground space is inexpensive and the cost of excavation is low. 

232. Spray Fountain. — To facilitate evaporation with a view toward 
reducing the size of the pond, tlu' hot cii-culating water is generally dis- 
tributed through pipes a.nd tlischarged through nozzles, falling to the 
surface of the pond in a s])ray. The watei* issuing from the nozzles creates 
a draft which, aid(Ml by the natural breeze*, effeci.s the necessary evapora- 
tion. The loss of water due to evaporation seldom exceeds 4 per cent of 
the weight of wnler ciic.ulated. The pressure requircul at the nozzles is 
approximately (i lb. per sep in. anti in many c.ases the condenser pump is 
able to furnish tht*. neci*ssary pressure. Under ordimuy conditions the 
power nec.essary to oi)erate the sprays will average less than 11/2 per 
cent of the poAver generated V)y the primt^ movei’. Should the temperature 
of the condenser discharge-water excet'd the limit of reduction by single 
spraying, the desii ed reduction in temiK*i'aUire may he effetrted by double 
spraying. In this arrangement, the condenser discharge is mixed in the 
hotwell with an etpial ainbunt of coolt^r water flowing through an equaliz- 
ing valve from the s[)ray pond. The resulting mixture is pumped to the 
nozzles and resprayed. Some idea of the perform an (^e of a spray cooling 
system may be gained from the data in Tables 71 and 72. 

Natural ponds without sprays require about. 50 times more area than 
spray cooling systems. A rough rule is to allow' 130 B.t.u. per sq. ft. per 
hr. per degree difference in temperature for the latter. 
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TABLE 71 


SIN^iLE-Sl’HAY SYSTEM - - 0(XX)-KW. STEAM TUllBTNE PLANT 


Monlli 

Rolalj v(' 

H uinidil V 
J^er Cmiil 


'rtMiipcriilureH, Deg. Fahr. 

S \ 

12 A M 

4 P..M. 

Hetiiurks 


( 

Disc] largo water. . 

tiS 

7:5 

7;i 



Jan. 

(i2 j 

Af( or s])i living 

IS 

O.'i 

r/.i 


> ('tear 


1 

Suirouiiding air 

s 

11 

20 




( 

Disoj\:irg(‘ wat<‘r. . . 

7'.! 

SC) 

00 


1 

Mar. . . 

50 

A ft 01 s))raying. . 

."iS 

()(i 

70 

1 

[ Clear 


1 

Sunoviiuiing air 

M) 

:>() 

43 




1 

Disoliargi' water. . 

S!) 

\)\ 

1)7 

] 

1 

May 

72 1 

Afli'r spraying 

'P) 


7S 

! 

i Clear 


1 

Surrounding air. . . . 

Cm 

72 

70 

1 



1 

Discharge wal.c'r. . 

los 

ns 

ns 

1 

July .. 

70 

Aft(‘r siiraying 

00 

O.'l 

o;i 

! C^h'ar 


( 

Surrounding air . 

00 

os 

102 

j 


[ 

Disoharg(‘ water. . 

112 

111 

IK) 

1 


Aug. ... 

SI 

After spiaymg 

ss 

so 

00 


Cloudy 


1 

Surrounding aii 

72 

71 

70 




1 

Discharge' water . 

SO 

00 

ss 



Nov. . 

70 1 

After spraying 

(V2 

(ii 

(Li 


Cloudy 


i 

Surrounding air 

27 


:i4 




'I’ABLE 72 

DOITIILE SPU V'V S\ S'l'EM 


^JVmpcratiirc air, (Ipp. falir 

Relative huitiidily, per cent .... 
Temperature, hot. watc'r, dep;. fahr 
Teinperalure, cooled water, dep. fahr. 
Total degrees cooled, fahr 


I'll. 'll SpraMiig 

Secoml Spray lUg 

S7 0 

SS 0 

4S T) 

40 0 

122 f) 

SS.7 

SS ;i 

7K S 


44.1 


233. Cooling Towers. — While sj)ray ponds vf^tUTe only a fraction of 
the area of the sin»le coolinp; pond for the same refrifreratinp; effect, the 
space is still consitleiahle, and during; periods of hig;h winds a larp;e quantity 
of water spray may he scattered (n^er the surroundings and wasted. Aside 
from the monetary loss thus occasioned, there is the nuisance arising from 
the heat vapors or spray being deposited on neighboring buildings, walks, 
and streets. In order to reduce the space requirements and overcome 
these nuisances, the cooling tower has been developed. A cooling tower 
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consists of a wooden or sheet-iron housing, oi)cn at the top and bottom and 
so arranged that the hot water may be elevated to the to[) and distributed 
in such a manner that it falls in thin sheets or s])ravs into a leservoir at the 
bottom, air at the same time being drawn in at th(' bottom by natural 
draft or forced in by a fan. The water gives up its heal to the ascending 
current of air by evaporation, convection, and radiation, the last, how- 
ever, being a relatively small factor. Of these, evaporation absorbs from 
75 to 85 ]K'T ccTit of the heat, convection or direct tiansfca* of luait to the 
air conies next, while radiation, i)artly in the tower and j)a,rtly through 
the piping, accounts foi- the balance. If tlie air sn])ply is dependent 
entirely upon the chinnuy action of the devi(‘,e, the systcan is knr)wr) as a 
natural-draft or flue cooling tower; if the aii* is forced into the device by 
fans, the system is called a forced-draft 
cooling tower. Water-cooling towers may 
be classified as (1) forced-draft, (2) natu- 
ral-draft — open type or atinospherii;, 

(3) natural-di’aft — (;losed or Hue type, 
and (4) combined forced and natural draft. 

Forced-draft towers are coini)let(‘ly (in- 
closed, (^xc('jit at the to]) and at th(‘ base 
where provision is made foi* th(‘ fan ojien- 
iiigs. In the atmosiiherie tyj)e of natural- 
draft tower, the sides are louvercid and 
the necessary air is supplied through the 
open base and through the louv(*red sid(\s 
by natural air currents, d'he tlue type of 
natural-draft tower receives its air supply 
through the (himney a(;tion of the Hue. 

The combined foiced- and natural-draft 
tower may ])e used with natural draft only 
for light loads and forced draft for heavy 
loads. 

The different, designs vaiy principally in 
the charact(M* of i\u) filling and the nuithod 

of water distribution. Hgiire 37() illus- -.i i i i 

Z’ ti( Barniird-\\ heeler All 

trates the Barnard- V\ heeler (ioolmg tower St(‘(il Cooling Tower 

in which the falling water is broken up by 

vertically suspended galvanized iron wire-cloth mats, causing it to trickle in 
thin sheets to the bottorn. In the WhtuHer standard design, the tower is 
equipped with a large number of V-shajied horizontal woodem troughs 
arranged diagonally so that the spill from each trough is directed to the 
one immediately below. The ascending currents of air, in flowing throu gh 
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the iiTirostri(!te(l zip;-zap; air lanes, mingle intimately with the slowly 
descending sIiowcm* of watei-. The fillings of the Alherger standard cool- 
ing tower consist of hoards of swamp cyj)ress geometrically arranged in a 
honeycomi) fashion, j)eniiitting ilu^ water to trickle down the sides of the 
hoards and the air to pass upward through the lanes, hi the C. H. Wheeler 
natural-draft cooling tower, I^'ig. 377, the filling is constructed of a series 



Fia. 1177. ( '. 11. Wiioolcr Atniosj>liori(; (^oolinp Tower. 


of cypress strips laid in alternate rows and staggered so that no water can 
drop more than a few inches without being hroken. The louvers are 
designed so that the aii- may pass freely into the structure and yet arrest 
the spray in a strong wind. 

Owing to their compactness, cooling towers may be located on the roof 
of a power house or adjacent building, on the engine room floor or in the 
yard, the latter being the most adaptable. The minimum theoretical 
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temperature of the circulating water is that of the existing wet bulb, but 
in practice it is usually more economical to keep clown the tem})e!*atiUJe 
range and circulate more watc'r, the exact amoimt, of course, dc'pc'nding 
upon the nature of the equipment, load factor, and etlicieiuw of i)Utii})ing. 
The rate and degree of (tooling is a function of the aitiount of water surface 
exposed to the air per unit of time and not a function of the amount of 
board or filling surface exposed to the water. As a g(Mieral rule', spray 
ponds are installed where real (\state is cheap and available, and cooling 
towers where space is expimsive and unavailable. Cooling towcas cir- 
culate less water than sjjray ponds because of their higln'i' (‘ooling effi- 
ciency, but the ])umj)ing head is higher, so that as far as powcu* napiire- 
rnents are conccu-ned theu’e is no gnait differcaice be! ween the two systems. 
See paragrajd! 100 for cooling tower calculations. 

The Design of (\mhnq Toieers A.S.M.K , Vol 44, 1922, j). 009. 

Factors lu (Umling Tower Design' 1\)\v(t, I'Vb 27, 192.4, p 41.'”) 

Water-Cooling Susie ni Ffficienen' Mccli. Kiifcr^ , Nov , Pjirt 2, 1924, p. 799. 

234. (^oolerH — Surface Type. — While circulating water for condemser 
purposes is never cooled in practice by coolers of the surface type, it is 
freciuent/ly necessary to employ such tlevices in 
the cooling of jacket water from intcuaial com- 
bustion engines, cooling lubricating and trans- 
former oils, cooling air for turbine generators 
operating on the closed system,” and for 
transferring the heat from one liciuid to another. 

C'Oolers of the surface t.yp(^ are invariably used 
when^ the medium to be cooled is used over 
and over again without contact with th(^ cool- 
ing medium. Thesi' device's are built in a great 
variety of designs ranging from the .simple 
double-tube type in which th(' ni(‘dium 1,o be 
heated i)asses through tlu^ inner t.ub(? and the 
cooling medium pas>es through the annular 
space between both tubes, to the more com- 
plicated multi-tube or iijulti-conipartmenl type 
in which the cooling surface is greatly extended 
so as to permit a high rate of heat exchange. 

For exchanging heat between litiuids, the f,„. 375. Sehutlo-Kocrting 
double-tube or multi-tube type is commonly Oil (’oolcr. 

used, but where one medium is a non-con- 
densable gas and the other a liiiuid or gas, the extended-surface type is 
the more general because of the low rate of heat transmission. 
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Figure 378 shows a section through a Schuttc and Koerting oil cooler 
and illustrates the principles of a i)opular make; of cooler. The hot oil 
flows into the shell at the top, passes ai’ound the annular baffles, and 



"Water Velocity In ihit Second B.T. U. per Hr. per Sii.Ft. per Dug. Falir. 

Mean Temperature Difference 


Fhj. 378ji. Transfer — Schiitte-Ko(‘rtiiip Oil ('ooler. 

leaves the shell at the bottom. The water flows tliroiifi;h the tubes in a 
counter-current direction. Tlie heat-transfer rate for this type of heater 
IS shown by th(‘ 
curves in Fi^. 

378n. 

Figure 379 
shows the prin- 

cifiles of the 

Clriscom - Russell 
(\).’s U-fin 

Cooler for cool- 
ing the ventilat- 
ing air for turbo- 
generators. Tt 

Fio.379. “U-fin” 

Air-C\joler El(‘- 

. or( inarv type 

meiii with R(‘- * * 

turn Bond. sinooth-tube 

cooler in that the 

external sui’fac^o of the tubes is 

greatly extended by thin brass 

sheets whicli arc in metallic contact 

with the tubes and which fonn a Typical Installation of “U-fin” 

p , , , Air C oolcr to 1 urbo-generators. 

senes of narrow channels for the 

passage of the air. The tubes are of Admiralty brass, 5/8-in. O.D., 
No. 18 B.W.G. gage and are spaced 1 9/16 in. between centers in each 
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element. The air fins arc of brass, 30 B. & S. arc secured to 

the tubing by tinning. The “ U-liii Preheater’’ is l)uilt on the same 
principles as (he cooler. 

The coefficient of heat transfer from these vaiious lieat exchanging 
devices varies within such wide limits, depending upon the design of 
apparatus, idiysical properties of the heating and cooling medium, veloc- 
ity of flow, initial temperatures, and the like, that th(^ average ” values 
are only of academic value. Specific values may be had from the manu- 
facturer. Valuable data in this connection may be found in tli(' 1021' 23 
Prime Movers Committee Rei)orts, N.l^lL.A. 

Vcniilalion of Turho-dltf run tors trith Cool l*\iT\j\ed Air: Power, Nov. 15, 1918, p. 921. 

Heat Trajisinission in Coolers^ Heaters ntul Condensers: .Jour. Soc. (Mieni. Iiul., Nov. 
23, 192:i, p. 443. ^ 

234a. Water Screens. — (V)oling water, unless fi‘ee from foreign matter, 
is apt to clog the orific^es of jet condensers aiid the tubes of surface con- 
densers, resulting in reduced efficiency of operation, increas(Ml load on 
boilers and stokers, mid incieased cost of fuel supply. Even when the 
water is compaiatively free 
from foi'oign matter, it is 
customary to use some sort 
of screen to ])revent fish or 
any chance obstruction from 
entering the circulating sys- 
tem. Stationary screens are 
simple and efficient, but re- 
quire frequent cleoning. In 
large central stations or in 
small stations where the water 
is particularly bad, the travel- 
ing screcui is acceptcul practice. 

The traveling screen (consists 
essentially of two chams, pass- 
ing around sprocket wheels at the head and foot, to which are attached wire 
cloth screens in the shape af steel trays or baskets. Th(' trays are placed 
close together so as to form a continuous scrcnui which travels with the 
chains. The foreign niatt(U’ adheres to the surface of the screen and is 
dumped on the descending run into troughs, as shown in Fig. 380. Ma- 
terial which clings to the screen is washed off by water sprays undcu' con- 
siderable pressure. The wire cloth is constructed either of copper, brass, 
steel, or galvanized wire according to the particular conditions of the 
circulating water. In the larger stations several screens are used so as to 
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Fiu. 380. Tyj)i(;al Travdiiij; WiiTcr Intake 
Screen. 
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guard ap;aiiisl interrupted service. The screens move very slowly, about 
18 ft. per minute, so that very little power is recjuired to drive them. 


PROBLEMS 

1 . Reading of vaciiiirn toiiipcratiire of room SO doR fahr., barometer 

29 5, temperiitiire of morcurv m the )jarom(d,er 40 deg. fahr. Dctcrniiiie the vacuum 
referred to a SO-in, bnroinetf'r. 

2 . If the absolute ])i‘essure m a (“oudeiiser is 5 in. of iiHUaairy and the temperature 

of the air-va[)or ini.'cture in tlnj chfirnber in 90 deg. fahr., required the percentage of air 
(by weight) in the niixtiin'. j 

3 . If tlie teinperatun^ witliin a conden.ser is 100 di'g. falir. and there is entrained 
0.1 lb. of air per lb of steam, reiiuinal the inaximum degree of vacuum obtainable. 

4 . Re([Uired the' volume of aciueous va|)or to be withdrawn in order to cool 10,000 

lb. of waiter Iroin 120 to SO deg fahr. ^ 

6. A .‘i0,000-kw\ turbine uses 12 lb. stivim per kw'-hr., initial jiressure 290 lb. abs., 
BUjierheat 2r)0 d(‘g. fahr., va^cuum 28.5 in referred to a ;J0-in. barometer; initial tem- 
perature of the cooling w^atiT 70 deg. iahr., water velocity through t ubes 8 ft. per sec. 
Rc(iuir(*d: 

а. Weight, of cooling w'at(‘r 

h. Sq ft. condenser tube surface. 

f. Number of IS H.W (\. 1-in. tubes in each pass of the condenser. 

d. Length of waiter travel. 

б. A 200-kw. turbine uses 20 lb steam per KW-hr., initial pressure 150 lb. abs., 
sufierheat 100 deg. fahr., vacuum 27 in referred to a. 30-in. barometer if an evapo- 
rative surface condenser of tlu' forced-draft. ty[)e is used to create the vacuum, required 
the amount of atmosiiheric air and water spray which must, be forced through the 
condenser. The ti'inperat lire of the atmos})heric air is SO deg fahr., wet bulb ther- 
mometer G5 deg. fahr., air is.suing from the condenser is comjiletely saturated and its 
temjierature is 15 degrees below that, of the vapor in the coiulenser, fan iiressure 4 m. 
of water. 

7 . How much "makeiq)" waiter is necessary for the cooling-tower s3^steIn of a 
steam engine plant operating under the following eonditions; Engines 1000 hp., water 
rate 20 lb. jier i.hp-hr. initial pressure 120 lb. abs., vaeuuin 20 iii , barometer 30 in.; 
temperature of injection w^ater, di.seliarge water and at inosjiheric air, 90, 110 and 70 
deg. fahr., respectively; relative humidity <>f air entering and leaving tower 05 and 
95 per cent resjicctively. 
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235. Gonoral. — An aiiii)k“ HU])ply of boiler fcodwaler of i^ood quality 
is a nceossity for ecoiioiiiic, iiiul elHcieiit o]n‘ratioii of a stc'aiii plant. "Phc 
larger tlio boiler units and the hi^lier the lide of drivinti, t.he fireater is the 
need for pure water. Anions ^ he niiiiierous ill effeels arisiiifi' from the use 
of unsuitable feedwater may be meidioiu'd (i) ttibe failure's, (2) erystal- 
lization or embrittlement atiel corrosion of boih'i .sti'e'l, (o) loss of heat due 
to the deposit of .scale, dirt, or oil on (he heatiiif!, surfaces, (4) lenutli of 
time aj)paratus must, be out of se'rviee for eleaninii, inspect ion and repairs, 
(.5) investment in .spare e(|uipmen(, (ti) loss of heat due to blowing down 
boilers, heater.s, etc., (7j incieased steam consumption of ])rime movers 
due to ace.umulation of scale or diit in valves, no/./les, and buckets, and 
(8) foaming and in iming. 

All natural waters eont.aiii more or le.ss fori'ign matter either in sus- 
pension or .solution; therefor(', perfectly jmn' w;i(er can only be obtained 
by artificial treatment. Fortunately, jiure nater, whili' highly de.sirable, 
is not an economic necessity in idl plants since' tlu' cost of purification 
may more than offset thi' gain due' to elimination of all tlx' ill effects 
previously outlined. This is particularly tru(' in small or moderate-sized 
plants where the' natural or raw wati'i supjily is of fairly good (piality and 
where the boilers ane not. foree'd to any great extent and th(' service is not 
continuous. In iilants of this chess wluae the supply is poor, t he water is 
usually treated for oik' or more .si'riously obji'ctionabh' impurities, but no 
attempt is made to obtain the chemically jiuri' jirodiict. In the large 
.modern central station, with its tremi'iidous output, ext, i erne jreak load,s, 
and need for eoiitinuous ojieration, the (piality of the feedwater is in many 
respocits more imi)ort,ant to the lifi' and ojieration of the apparatus than 
is that of the fiml, and th(' expen.se of installing elaborate systems for 
purifying the water is usually warrant ('d. 

The imimrities in water are de(,('rniined by chemical analysis, and while 
such analyses are more or h'ss standardizi'd the formation of a correct 
conclusion is in many eases a diffii'.ult, matter and is ordinarily beyond the 
powers of the layman. The impurities are usually determined in milli- 
grams per 1000 liters of water, but are frequently reported as “ parts by 
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weight per million parts of water by weight/^ grains per standard U. S. 
gallon ” or “ pounds per lOOO lb. of water.” Impurities which are elec- 
trically neutral and which do not enter into any combination in the water 
arc weighed and i('port.ed as found, but salts in solution are determined 
as ions (calcium, sodium, clilorid(^s, suljdiates, etc.), and not as permanent 
salts (calcium chloiide, sodium siilj>liate; etc.). Knowing the amount and 
character of the ions, th(' chemist is in a position to give the possible com- 
binations of these ions in tlu^ foi-in of salts. Since there is no way of 
l)roving from the analysis alone that any particular combination of the 
ions is formed to produce certain salts, rather than any other ecjually 
possible combina-tion, it is (aistomary to designates such combinations as 
hypothetical combinations. EngiiuHns are accustouK'd to express the 
analyses in hypotlu't ical comlunations, since this method of reporting 
rcpres(‘nts ajiproximatc'ly the order in which j)recipitation takes place 
upon evaporation and (‘iiables them to vLsuali/e more readily the nature 
and amount of chemical t reatment ne(‘essary. The more commonly found 
ions in feedwater a,nd llu'ir hypothetical combinations are given in Tables 
74 and 75. 

The organic const it iK'ut-s of the foreign matter in raw wat er are of vege- 
table and animal origin and are taken up by the water in flowing over the 
ground or by direct, cont/aminatioii with sewage and industrial refuse. 

Feedwater containing organic mat- 
i_j tc- may causes foiiining, due to 
V-Il tlie filci that th(^ suspciulcd par- 

I, \ ut Atmospheric IVt“8surc m r r 

V — tides collcHd. on the surtace oi the 

20 — ' “ “ water in the boiler and impede the 

-s| — “ liberation of the steam bubbles 

arising to the surface. The iii- 

>^10 - _ organic impurities in suspension 

6 - ~ - or hi eolloidal solution consist of 

silica, iron, alumina, and the 

Grlwvom Kuagell Co. like. The more common soluble 
^20 140 iGo hiorganic impurities are calcium, 

Temperature of Water, Dcir Falir.' 

^ . X r magnesium, potassium, and sodium 

Fin. 381. Mjixiiinim Gas (kmtciit of . r p ^ i 

Normal Surfa... Water. 1“ C.f carbonates., sul- 

phat(\s, chlorides, and nitrates. 

Raw water also (‘on tains a certain (piaiitity of gases in solution such as 
air,^ CO 2 , and occasionally hydrogtm sulphide. Air, ( 'O 2 and other gases 
may also be presiait in distilled water which has not been subjected to 
degasification. Gas-free distilled water absorbs oxygen and CO 2 at a 

‘ Air in solution is iisiuilly designated as “ dissolved oxygen ” since the nitrogen 
content is inert and causes 110 trouble. 


Maximum Gan Conti nt I 
of Normal Surface Water! 
at Atmospheric Pressure , 


W--+- 


20 40 60 80 100 1 20 140 1 

Temperature of Water, Dcir Falir.' 

Fig. 381. Maxiinum Gas (km tent of 
Normal Surfiua^ Water. 
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very rapid rate and to a Jiiiudi {^reatca- cai)acity than water containing 
the nsunl mineral imf)uril,i(is in solution, so that th(i condensate from a 
higli-vacMium condenser syst(Mn, while pi'actically free froin gases, will 
absorb th(Mn at onc(‘ on (ixposure. These gases, particularly oxygen, if 
I)ermit.t(‘d t.o ent(U‘ the boilin’ or economizer Avitli the feedwater, may 
under certain conditions cause excessive corrosive action on the steel 
heating surfaces. 


TAHLE 74 

1‘IIOI'ERTICS or IONS (M)MMONLY KN( OC NTEllEI) IN F’EEDWATER ANALYSIS AND 

CU RIEIC \'riON 


niisK 

■ or 1 ‘ofiil i\ V lon^ 


Acidic OT XcKcltlVC loilH 

Nuino ol I<Mi 

,S\ ml K)l 

1 I'liiun 

i W.M,clit 

« 

N.inio of Ion 

S\ mliol 

E (1 111 valent 
WcikIiI 

Aluminium 

1 "f + 

Al 

03 

Ibcaibonate . 

IICO, 

61 01 

Ammonium 

Nil, 

9 02 

Carbonate 

C(“>,, 

30 00 

Calcium . 

-h 1 - 

Ca 

20 01 

Chloride' . 

Cl 

35 46 

IIydrog(‘ii , . 

+ 

H 

1 01 

II \ droxide. 

()ll 

17 01 

Ferrous. . . 

-h 

F(‘ 

55 SI 

Nitrate . 

NO, 

62 01 

Magnesium 

t '[ 

Mr 

12 16 

Phosidiatc, 

\\h 

31 68 

Potassium ... 

+ 

K' 1 

3i) JO 

Sulphate . .. 

SO., 

48 03 

Sodium. . 

■f 

Na 

2 :; (K) 





In ('Oinbinin^i; tlii' |)()sitnT .‘okI m'KJibvi' ions to form salts, there must he as many 
irulividual eombining portions ol negative ions as of posit ive ions. Thus: 


+ (Cl + Cl) - Cad,; (Na + Na) + CO 3 - NasCO^; (K + K -f- K) + PO 4 = 

K,PO,. 

The product of the weight of any ion in milligrams per 10 (X) liters of water by the 
reciprocal of the eipiivah'iit weight gives the* gram-equivalent. If the analysis is 
correctly made the sum of the gram-e(|uivalents of the positive ions will be equal to 
the sum of the gram-ecpiivalents of the negative ions. 

Atomic weight ~ equivalent weight X valence (valence = number of + or — 
signs above the symbol). Thus: Atomic, weight of aluminum = 9.03 X 3 = 27.09; 
that of calcium ^ 20.04 X 2 = 40-0S; that of chloride = 30.46 X 1 = 35 46. 

When raw water is fed into a boiler, practically all of the solids remain 
in the boiler and are constantly increased in amount by the evaporation 
taking place. Some of the accumulated impurities deposit on the heating 
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surface as scale, some are present as suspended iiiattcj’, iind otheis remain 
in solution. The dissolved gases arc set free and the greater part is dis- 
charged with the steam. The remaining portion under certain conditions 
forms a numbe'r of combinations with the iron walls which result in pitting 
and general corrosion. 


TABLE 75 

eOMDINATIONS OF IONS COMMONLY i0\( (nrNTKRF.J) IN HOILMR KEKDWATKU ANAT^YSIS AND 

I’l’Ull’li’ \TI(>\’ 


NutllC uf CulIibiI 12 .lt Kill 

Symbol 

Molec- 

ul.ii 

\\'eii»li( 

1 

X.uiie of (\)mbinal nni 

Symbol 

Molecular 

Weight 

Aluiiiiiiu - - 

A1,0., 

lOJ 2 

Mannesiiiiu bicarbonal e 

Mtr( IKM ),), 

140 ;i 



* 

carbonate 


84 ;i 

Aluniinuni h^di oxide 

Al(01I)i 

S4 1 

chloride 


P5 2 

siilplitiLe 

Ah(SO,)j 

.UJ 2 

h\ dK)\idi‘ 

MtbOIDs 

68 :i 




sulphate 

MuSO, 

120 3 

Amiiioniiini biparbonate 

MhHCO, 

?!• 0 




carbonale 

(Nllil.CXb 

1»0 (» 

PoluHHiuin carbonate 

KjCOi 

l.^H 2 

chloride 

Ninci 

r>:i .•) 

chloride 

KCI 

74 5 

.sulphule 

(Nll4)-S()4 

114 P 

li\ droMtle 

KOII 

56 I 




nit iat(‘ 

K\(), 

IPl 1 

nuriiiiii carbonate 

TbiCT)) 

107 1 

Hulidude 

kvSOi 

174 3 

chloride 

llaCb 

2(IS .1 




hydroxide 

Ha(OIJ)i 

171 4 

Sihea 

Si( b 

00 ;j 

sulplialo 

liaSO, 

-MI 4 







Sodium abimmalc 

\a..\l()i 

144 1 

CilIcuhu bicarbonate 

CufllCOj) 

U\1 1 

bicMi bon.it e 

NallC’O.! 

84 0 

carbonate 

C'aC'Oi 

IPP 1 

carbon. ite 

Xa.( ‘O'l 

106 1) 

clilonde 

(‘a('l. 

7.) 

ehloi ide 

N'i(M 

58 5 

hydroxide 


71 1 

fliioi ide 

\al' 

12 0 

oxide 

OaO 

r»(i i 

h^ dioxide 

N.ion 

40 0 

phoaphate 

OudPOt)*! 

2 IP 

ml late 

N a \ 1 )i 

85 0 

Hniphate 

CaS( >4 

I'Ui 1 

phosphate 

Nad'()4 

164 0 




.Hilicatc 

N!I.iSi()4 

152 3 

Ferrous carboiiale 

IVC (b 

115 8 

Hiilpliate 

N M'jSf )i 

142 0 

sulphate 

r>s( ) 1 

151 H 




Fornc oxide 

l ent )( 

15') 7 





The most wididy known evidence of the j)r(isenc,(^ of scale-forming in- 
griidients in feedwater is known as hardness. If the water contains only 
such ingredients as the bickarbonates of lime, magnesia, and iron, which 
may be precipitated as normal carbonates by l>oiling at 212 deg. fahr., it 
is said to have temporary hardness. Permanent hardness is due to the 
presence of sulphates, chlorides and nitrates of lime, magnesia, and iron 
which are not completely precipitated at a temperature of 212 deg. fahr. 
Hardness is conveniently determined by means of a standard soap solution 
as follows: 

A 100-cc. (cubic centimeter) sample of water to be tested is put in a 
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250-cc. bottle and a standard soap solution (this may be obtained from 
chemical dealers) nin in 0.2 cc. at a time, the bottle being shaken vigor- 
ously aft(',r each addition of the soap solution. Finally a lather is produced 
that will persist for at least five minutes, and then the volume of soap 
solution used in cc. gives the degrees “ U. S.” hardness. One degree 

U. S.’’ hardness is ecpiivalent to 1 grain of calcium carbonate per U. S. 
gallon (1 part in 58,340). 

The following factors may be used for specifying hardness of water in 
terms of calcium carbonate i)er U. S. gallon: 

Magnesium carbonate X 1.10 
Magnesium sulphate X 0.833 

Calcium sulphate X 0.735 = hardness as calcium carbonate, grains 
Magnesium chloride X 1.05 per U..S. gallon or U. S. degrees. 

Calcium chloride X 0.001 

It is impossible to judge the (luality of feedwater merely by the grains 
of solids per gallon, since a large amount of soluble salt, smth as sodium 
chloride, will not be as deleterious as a very small amount of calcium 
sulphate. 

The S(^ale of hardness usually accepted (grains of dissolved salts i)er 
U. S. gallon) is as follows: Soft water, 1 to 10; moderately hard 10 to 20; 
very hard water, abov(^ 25. 

The following is a rough rating according to the number of gi*ains of 
incrustiiig solids per United States gallon: 

Less than 

8 grains very good. 

12 to 15 grains good. 

15 to 20 grains fair. 

20 to 30 grains bad. 

Over 30 grains very bad. 

This a])plies to (!al(‘ium carbonate, magnesium carbonate, and magne- 
sium chloride. For water containing sulphates of calcium and magnesium, 
divide the first column by 4 for the same rating. 

The limiting factor in deciding whether a water (carrying a large amount 
of non-corrosive soluble salts may be used for boiler feed purposes is the 
amount of blowing down necessary to keep the degree of concentration 
within the limits found by experience. 

The degree of concentration may be ascertained by a complete chemical 
analysis, but this is usually an expensive procedure and requires con- 
siderable time. The tot al solids in a given water of varying concentration 
generally bear a certain constant ratio to the sodium chloride content, 
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therefore, any method of deterniiniiif; the aniount of sodium chloricie in 
the water to be tested offers a satisfactory (dieck on the total amount of 
solids present. The usual test for sodium chloride is to titrate a samphj 
of the water in question with a normal silver nitrate solution, using potas- 
sium chromate as an indicator (see N.E.L.A. Kepori T:E22, 1922, p. 189). 
The Esterline-Angus Concentration Meter is tinding favor with many 
engineers. This aj)})aratus indicates or records tlu degree of concentra- 
tion by measuring the variation in conductivity of th(' water. From 
experiments conducted under the su])ervision of tlu' F. S. Hureaii of Mines, 
it appears that if the proper ndation of sul})hat(' and cai bonat(\ or sulphate 
and phosphate concentration is maintained at all times in the boiler water, 
there will be no growth of adherent scale on tlu^ healing surfaces. No 
feedwater analysis is ne(a\ssary other than to test it for acadity. The 
concentration of carbonatt', sulphate and ])hosphat-e radicals is readily 
determined by suitable titration of a samj)le of water drawn from the 
boiler. A knowledge of this concentration in conj miction with established 
curves is all that is necessary to properly condition the water so that hard 
adherent scale will not deposit on the heating surfaces. For a complete 
discussion of this important topic consult Fnndanirnials in the Condition^ 
ing of Boiler Waiera by li. E. Hall: Proc. Engr. Soc. Wes. Pa., Vol. 41, 
Sept. 21, ^25. 

Boiler WaLem: Thnr Chemical ComposiUoa, Use, and Trcalmeni. Univ. of Tex., 
Bui., 1752, Sept. 15, 1917 

Treatment of Water for Steam Makinq. (’hern. Age, ,Jan , 1922, p. 4,‘t 

A Hevieiv of Feedwater Trea,tment Power, Dec. 2(», 1922, ]>. iOlS. 

Causes of Hardness in Water and IJow to Find Them Power Plant Eiigrg, Jan. 1, 
1923, p. 30. 

The ill effects from the use of impure feedwater juay be briefly sum- 
marized as follows: 

1. Scale, or incrustation. 3. Mental embrittlement. 

2. Corrosion. 4. k\)a,ming. 

236. Scale. — Mud or suspended mineral matter, if introduced into the 
boiler with the feedwater, will eventually form a deposit on the heating 
surfaces. Iron, aluminum, and silicon in colloidal solution will also tend 
to produce scale, but by far the greater part of the objectionable scale 
deposit results from the salts of calcium and magnesium. The salts are 
in solution in the cold raw water and constitute ''hardness.” When 
subjected to the temperature and pi’essure in the boiler and to concentra- 
tion by evaporation, (jertain portions are precipitated and form sludge or 
scale. The carbonates of calcium and magnesium alone usually produce 
scale of a chalk-like formation, which is more or less friable, but in the 
presence of other elements the formation may be hard and dense. Mag- 
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ncsiuiii sulphate alone (lo(\s not form a hard scale, but when combined with 
calcium carbonates may produce a hard stoii}^ dej)osit. ('alciuin sulphate 
alone i)roduces a hard tenacious scale. It is very difficult to tell from 
the composition of tlus water whether the scale produced will be adhering, 
non-adhering, hard, or soft. The ty[)e of boiler, presssuns, degree of con- 
centration, and fate of driving are all factors whi(‘h iiitluence the character 
and amount of deijosit. Other salts, such as sodium carbonate, sodium 
(shloride, and magnesium (‘hloride, are always in solution and do not form 
scale excei^t under excessive^ concentration. 

Scale lowers Mk* efficiency of heat transmission by insulating the surface 
of metal aiid r(‘du(*es th(‘ capacity of tin* boilin’. Overheating, with con- 
sequent blisteiiiig or bagging of tubes and shell, is frequently due to the 
heat-insulating (‘flei'ts of scale. Numerous tests on the heat transmission 
through boilin’ tubivs coat.cai with scale of varying thickness fail to show 
any relationslii]) between thickness of scale and etliciency of transmission, 
but that even the thinnest coating of scale aiijireciably reduces boiler 
efficiency and inipacity is loo well known to dwell iqion. 

In plants using raw water for boiler feed, siaili'. is removed periodically 
by “ cutting out ” the boilin’ and running rotary clininers through the 
tubes. Chemical compounds fed into the boiler may reduce the number 
of cleanings, oi’ in some cases disiiense with mechanical cleaning entirely. 
Scale may also be prevented from entering the boiler by suitable treatment 
of the water outside the ])oiler. 

Rc}noving Jioilcr Scdle with I’owcr, Mar. 14, 1922, p 422. 

237 . Corrosion. — Coirosion, both internal and external, is evidenced 
by small ))its or depressions and by large cup-shaped hollows on the metal 
surface, and occasionally by a considerable di'st, ruction of a large portion 
of the surface. Cjii’l)onic acid gas, occluded oxygen, sodium and magne- 
sium chlorides, and iron and aluminum sulf)hates are common causes of 
internal corrosion. Magnesium and calcium chlorides are very pernicious 
in that they pi’oduce free hydrochloric a(;id on hydrolysis. Galvanic 
action set up by any dilTerence in the crystalline structure or c.hemical 
composition of the steel in different parts of the boiler will cause corrosion. 
Corrosion is also found in boilers using a high i)ercciitagc of condensate 
or distilled water from which the dissolved gases have not been eliminated, 
or which has re-absorbed them on exposure to air, or which has become 
contaminated with raw water through condenser leakage. Whatever 
may be the theory involved in the corrosive action of dissolved gases in 
feedwater, it suffices to state that boilers or economizeis fed continuously 
with pure condensate containing dissolved gases are subject to corrosion 
and that no such action is evidenced if the gases are removed and the 
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condensate is inaintaiiKMl slif^htly alkaline. Sealing and corrosion are 
sharply difTereiitialcd in that, with the exception of scales consisting 
mainly of silicates, one rarely ac'coiiipanies the other. 1ji fact, S(‘ale, 
other than silicate, is an excellent preventive of corrosion though decidedly 
objectionable in other respects. The test generally uschI foi' determining 
the oxygen content of feedwater is kianvii as the Wrinkler^ method, and 
the degree of acidity or alkalinity may be determiiK'd by a compk'tc' chemical 
analysis, by observing the color r(‘a,ction when cei tain indicadois are addcMl, 
or by noting the voltage existing across two elec't.i’odes immersc'd in a 
small by-passed flow of the iecalwater. ((‘onsnlt ‘‘ A Abder for Record- 
ing Alkalinity of Boiler I'VedwatcM*,” by Robert IC. Arthur and lOarl A. 
Keeler, Power, May Ki, 1922, }). 7(iS.) 

For an excellent discussion of the subject of corrosion and fcaal water 
treatment in general, consult ])ages llW 191 Rei)ort of Prime' Movers 
Committee, National Flee. Light Assoc. T3 22, 1922. 

238. Embrittlement of Roller Metal. — PanbrittleMiKMit with conseeiuent 
cracking of the metal in the seams is (‘vide ikhmI in boik'rs f('d with artc'sian 
well water abnormally high in fiee sodium bicarbonate', anel in plants 
whe;re' treatment with sexla ash, e’aiislic soda, e)r be>iler e*e)mpe)und has been 
carrieal to excess. It has be'cn ele'tinite*ly e'stablishe'd that ea)ncentrateel 
caustic in the pre^semeu' e)f ste‘e‘1 will liberate fie'e' hyelrogem gas anel that thc^ 
ste'ed is susea^ptible of e)ea*Iuehng (he' gas with a subse'epu'iiti e'lnbrittling 
actiem. It is believed, there'fe)re', that sue*h actiem take's ])laeu' in be)iler 
joints where' e*austic se)da, fenineel by the hydrolysis of se)elium c,arbonate 
and se)dium bieairbonate unde*r lem|)erature and j)je*ssure, is like'ly te) e'on- 
cent,ratx'. All waters containing fiee' e*aus(ic e)i- substance's whieL i)roeiuco 
excess e'austie’ity arc ne)t ne'cevssarily elangere)us, but exe-e'ssive' e‘e)nc-cntra- 
tion shemlel be avoieied by [)eriodic ])le)wing elenvii e)f the be)ilens. 

The Embrittling Action of SiKltum If f/droxide on S({ft Sted. S. W. Parr, Rul. No. 94, 
Univ. of Illinois. See also jip. 1S()-1S4, Re])ort TI5-22, I!)22, N.L.LA. 

239. Foaming and Priming. — Foaming is usually e*,auseMl by e;ertain 
types of organic matter, sa])onifiable oils in the pre\s('ne‘e of caustic soela 
or sodium carbonate, anel suspended matter. It is largely a matter of 
viscosity of surface films, "and surfae e blowing is a remeely where it can be 
applied. Foaming causeel by organic mattei* in suspemsioii may lie mini- 
mize^d by filtration. Priming is elue to ine*reaseel surfae-e^ tensiem, which 
tends to liberate the steam in slugs. The' jioint at which priming occurs 
varies with different waters, eiilferent beiileis, and the rate at wdiie'h the 
boilers operate; but if the priming point is onc(^ determineel and concen- 


1 Report T3-22, 1922, N.E.L.A., p. 1G8. 
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tration iw iiiaint-nined just below that point, little trouble will be experi- 
enced. I'oarninp; and priininj!: cause the impurities in the entrained boiler 
w\‘it(‘r to b(i carried over witli th(‘ steam into the superheater pipe lines, 
traps, and prime movers, nNSultinji; in all of the trouldes arising from the 
use of diiiy apparatus. 

Priming: Powct IMiint iMiprp;, May I-ir», 1022, pp. 4r)r), 511; NaLional Engr, Nov., 
1020, p. 5o2; I’owpr Plant. Engrg., A[)r. 1, 1025, p. 377. 

240. Feedwater Treatment. — An ideal feedwater supply is one that 
will not dej)osit mud or scale, will cause neither i)rimiTig nor foaming, 
and will not coirode boilers or apfuirtenancc's. No such water exists in 
the natural state, although many waters aie sufTicient.ly low in impurities 
to warrant their us(‘, under certain conditions, in the i*aw state without 
purification. Tlu^ dcHiiding factor lies in whether the cost of maintenance 
and o|)eration with ia>w water is greater ov less than that incident to the 
use of the tn^ated ])rodu(d. The quality of the feedwater plays su(;h an 

'imi)ortant part in the ('conomic operation of the steam |)lant that advice 
from a comp('t(Mit water-treating engineer is essential even in lh(' smallest 
plants. In soni(‘ i)lants niw water gives satisfaf’tory results; in others 
partial treat, ment is necessary; while in some of our largest stations total 
elimination of all impurities is essential. There is no general panacea for 
treatment, and (^ach installation and source of supply must be analyzed 
to meet the particular conditions involved. 

All or part of the (ivil effects ai ising from the use of imi)ure feedwater 
may be neutralized or eliminated by one or more of th(' following methods: 

1. Filtration. 4. Application of pi'otectivc 

2. Preheating. coatings. 

3. Cdieniical treatment. 5. Distillation. 

0. Degasification. 

Table 70, based on a similar chart by W. W. (Christie, gives a general 
outline of the troubles [irising from feedwater, their cause, and some of 
the means for pie venting them. 

241. Filtration. — Suspended matter, either in raw or treated feedwater, 
is cheaply and conveniently removed by passing it through a filter. There 
is a large variet.y of straining and filtering ecpiipment on the market, but 
the down-flow type of filter, iising sand or granulated quartz as a separa- 
ting medium, appears to be the most common. Frequently a large part 
of the impurities in a water siijiidy can be removed by filtration. Filters 
should be of ample size for service reepnred; otherwise they soon become 
choked up or permit some of the filtering medium to pass into the water 
system. Mud and sand may under certain conditions be eliminated by 
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TABLE 76 

lUULKH TROriiLES AKISINCl FROM FSE OF IMPURE FEEDWATER 


Trouble 


C'iiiise 


Incrustiition 


Sediment, mud, elay, etc.. , 

Readily sol ubie sails .. . 

Bicarlioiuite ol mat!;nesia, 
Imie, iron , . . . 

OrRanie matter 

Sulidiate of lime 


I 


()ip;anj(‘ matt(‘r. ? 


Corrosion 


Priming!; . 


Foaming;. 


Krnbrittlo- 
ment . 


(irease \ 

Chloride or sul[)halo of rnaR- : 

lu'sium I 

Sugar 

Acid .... ] 

I 

Dissolved carbonic' acid and ! 
oxygcMi . . . - - - 1 

I 

Priced rolyt ic action 

SrwaRc j 

Alkalit's 

(kirboualc' ol soda in laige ) 
(]ua,nti(ies j 

Oigauic mailer 
Saponifiabh' oils in jiresmicc* 
of caustic soda or sodium 
carbonate 
Suspc'uded mailer 

Abnormal caust icily. . ] 


I{eiiio<lv or pRlhation 


Fill rat ion 
Hlou ing olT 
IRowing ofT 

Heating feed and precipitation 

C’ausI 1 C soda 

l^ime 

Zeolite 

See below 

Sodium carbonate 

Zc'olite 

Ibirium chloride 
1’n‘cipil ation with alum 
Pre^ipil at ion with ferric 
chloride 
Sl.aked lina 
C’arbonatc' of sod 

Ckarboiiate of soda 


soda 


and fil- 
tration 

and filtration 


Alkali 

Slak(‘d lime 
( kiust ic soda 
Heat mg 
Dead i\ at or 
D(‘a(*i at or 
Zinc platc's . 

Preciiiitat ion with alum or ferric 
chloiith* and filtration 
Healing baal and precipitation 

Jiariuin chloride' 


Surface' blowing 
I'iltration 

Magnesium sulphate 
Blowing off 


simply permitting; the water to stand for some time in settling tanks. It 
is unnecessary to filter water before chemical treatment except when 
excessively turbid, since the chemicals in the reaction tank act to some 
extent as coagulants and the suspended matter, whether originally con- 
tained in the water or produced by the chemicals, is eliminated by sedi- 
mentation or by filtration after treatment. 

The Hagan de-concentrator, which consists of a special pump and filter, 
and prevents scale by continuously removing the insoluble impurities 
from the feedwater after it has been fed into the boiler, is finding increasing 
favor with engineers. By means of this apparatus water is withdrawn 
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from the boiler, preferably at the lowest point, forced through a suitable 
filter, and then returned. At intervals of twenty-four hours the filter is 
flushed back, and the impurities pi'ocipitated by the temperature in the 
boiler* arc washed out and dischargcxl to waste. 

7Y^s■^.s■ nnlh Hagan Dc-concenlralors: Priiiio Movers CorniiiittcMi, N.E.L.A., Report, 
1922, I’.irt I). 1S(). 

PrenKurc FiUerti: Jour. Am. W. Wks. Assoc., Vol. 3, No. 2, lOlO. 

242. Preheating. — Practically all of the dissolved air and fr*ee car- 
bonic acid, (X)o, in water niaj^ be libei'aled fi’om the water by l)()iling it 
violently at 212 deg. fahr., under atmosjdieiie pressure. If the liberated 
gases are jemoved l)y siiital)le means aud the water is not exposed to 
further absorption of these gases before being f(Ml into the boiler or econo- 
mizer, there will be little danger from corrosioji pi*ovid('d then' are no 
other corrosive agents in the water. The bicarbonates of (calcium and 
magnesium, which constitute the chief source' of hardness in most boiler 
feedwaters, are broken up into carbonates and (’(>2 when the water is 
heated to 212 deg. fahr. The reaction is as follows: 

Ga (II ( ' 03)2 = (^a( O;! (-'O 2 -T 1120 (231) 

Mg (H (^(> 3)2 = Mg(X)3 + (X )2 + IT 2 () (231r?) 

The calcium carbonate is practically insolubh' in the hot water and is 
precipitated as a solid, but the magnesium (virbonatc is only partly pre- 
cipitated, since it is somewhat soluble. A lai*ge portion of the (T)^ is 
liberated and may be withdrawn with the other gases freed by boiling. 
While calcium carbonate is more solubk' in hot water than in cold water, 
the difference is negligibk' and the greater paj’t. of the liardness that is due 
to its presence may be removed by boiling at atmosjdieiic j)ressure. 

Thus we see that nearly all of the dissolved gases and some of the scale- 
forming elements in w'ater may be eliminated by inen'ly boiling it violently 
at 212 deg. fahr., under atmospheric pressure and withdrawing the lil)erated 
gases. In the standard (‘onnnercial type of exhaust steam heater, pro- 
vision is not ordinarily made for a complete removal of the liberated gases, 
and the time the watei* is in the apparatus is not sufficient to allow all the 
precipitated matter to collect. There is no question, however, but that 
these devices have a decided purifying action. 

Calcium sulphate, under the high pressure and temperature found in 
current practice, is practically insoluble, and unless the water is properly 
conditioned the precipitation will collect on the boiler heating surfaces as 
a hard, tenacious scale. (See Live Steam Purifiers, paragraph 259.) 

Sec also paragraph 247. 
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243. Chemical Treatment. — The great majority of plants using treated 
water for boiler feed purposes depend upon chemieal treatment for effect- 
ing the desired results. It should be stated at the outset that such treat- 
ment does not pi’oducc puie water, and as a mattcM’ of fact, frequently 
increases the total amount of impurities, but the objectionable impurities 
have been converted by this treatment, into others which are less objection- 
able. Thus, when soda (Na/'Oa) is fed into a boiler, the water of which 
has calcium sulphate (CaS()4) in solution, the mineral content of the 
boiler has been increased by the amount of soda introduci'd, but the 
cal(;iuin sulphate, which })roduces a hard, tenacious scale, has been con- 
verted by the reaction with the soda into calcium (‘arbonate, ('a CO3, and 
sodium sulphat(‘, NanSOi. The (‘alcium carbonate is ])ra(;tically insoluble 
in the hot boiler water and is precipitated as a sludge, so that it can be 
readily removed by blowing olf. Th(‘ sodium suljdiate remains in solution, 
and produces no scal(‘ exceiit undcM- (‘xeessive concentration. If soda is 
added to the water before it enbas the boiler the same chemical reaction 
takes place as within the boika*, but the precijiitatcd (‘alcium carbonate 
may be removed by sedimentation or filtration, and only the sodium sul- 
phate will be introduced into th(^ boiler. The water in this last case is 
said to Ik*, “ softened,” that is, th(‘ hardiness due to the calcium sulphate 
has been eliminated. Whatever may be the process emj)l()yed, the 

puriticMl pi'oduct usually contains an exc(xss of alkaline salts and is far 
from being chemically pure. 

If the nature and the amount of all the impurities in the raw water are 
known (this can only be d(‘termined by a complete mineral analysis), the 
ciiemist is in a position to specify the kind and the amount (ff reagent 
necessary to (^ffecd certain results. As previously stat(id, the impurities 
are deten 7 un(Kl by the cluanist as ions, and the amount of reagents to be 
added is usually calculated fiom the ion cemtent by use of proper factors. 
Engineers, on the other hand, prefer to have the icnis grouped as hypo- 
thetical c,omi)ounds. Whatever may be the irmthod of procedure, the 
results will be the same provided the hypotluitical compounds are properly 
grouped. Water analysis and purification is a highly specialized art and 
ordinarily beyond the province of the non-chernical engineer, but an idea 
of the method of procedure in calculating the weight of reagent necessary 
for a given chemical reaction may be gained from the following: 

The chemical changes which take place when hydrated lime, Ca(OH)2, 
and soda ash, NajiC'Os, alone or in combination with each other, are added 
to water containing calcium sulphate, CaS04, magnesium sulphate, 
MgS04, calcium bicarbonate, Ca(HC03)2, or magnesium bicarbonate, 
Mg(HC03)2, may be expressed : 
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CaS04 + Na^COs = CaCOg + Na2S04 (232) 

MgS04 + Ca(OH)2 + Na/X)3 = Mg(OH)2 + CaCOs + Na2S04 (233) 

Ca(H(:03)2 + (:a(OH)2 = 2CaC()3 + 2H2O. (234) 

Mg(HC03)2 + 2Ca(OHj2 = Mg(OH)2 + 2C:aC()3 + 2Il2(). (235) 

From these reactions the amount of reagent to bo added to raw water 
may be calculated l)y considering the combining weights as follows; 

For soda ash and cal(;ium sulphate 
CaS04 ; Na2(X)3 = l;x, 

40 + 32 + 4(10) : 2(23) + 12 + 3(16) = 1: x, 

X = 0.779, 

in which 

X = soda-ash factor or the ratio of the \\^ight of soda ash required to 
the weight of calcium suli)hate in the water. 

By similar cahailations llie factors for salts which rccpiirt^ soda ash arc 
found to be as in Table 77. 

The chemist usually calculates the weight of reagent directly from the 
ion content because the analysis is exi)ressed in ions, but the results are 
practically the same as when calculated from hypothetical combinations. 
(Consult Analytical Control of Water Softening^ Univ. of 111. Bulletin, Vol. 
8, No. 23, i)p. 88-148. Boiler Waters: Their Chemical Composition, Use 
and Treatment, Univ. of Tex. Bulletin, No. 1752.) 

While soda ash and lime are the most commonly used rcagcnits for 
softening water because of their availability and chcrapness, numerous 
other substances may effect tJic same Jesuit. 

Chemical Treatment of Vvedwakr: Power, Dec. 19, 1922, p. 9S4. 

A Rem.cAV of FcedivaUr Treatment: Power, Dec. 20, 1922, p. 1018. 

Relation of Water P anfication to Boiler Operation: Nat. Engr , Nov., 1920, p. 532. 

244. Boiler Compounds. — When the reagents are added to the feed- 
water or introduced directly into the boiler and the reaction takes place 
within the boiler itself, the process is commonly designated as treatment 
by boiler compound. A great variety of substances have been employed 
for this internal treatinent. Among them may, be mentioned soda ash, 
lime, barium hydroxide, sodium silicate, sodium aluminate, tannin, dex- 
trine, trisodiurn phosphate, and the like. Many of the patented com- 
pounds are worthless and actually aggravate the trouble which they are 
supposed to remedy, but, taking all things into consideration, the use of a 
suitable compound is probably the least expensive fonn of feedwater 
treatment in moderate-sized plants where the water, contains a small 
amount of scale-forming elements and where the rate of driving is not 



PEEDWAXm TREATMENT, HEATERS, EVAPORATORS 573 


high. The ingredients in the eonipound should be based on the feed- 
water analysis, and under no eircuinstanees should an unknown substance 
be introduced into the boiler. The most satisfactory compounds are 
those which not only effect a j)re(‘ipitation of the s(‘ale-fonuing ions through 
chemical action Init also lender lh(^ precipitated matter non-adherent by 
mechanical action. Sodium alinmnate, t annates in conjunction with lime 
and soda, and sodium silicate* produce such results in waters suitable for 
this treatment. The “Navy Standard Boiler Compound’’ is a well- 
known example of this class of reagent aiid is composed of 7() per cent 
anhydrous sodhini cairbonate, 10 jmu’ (‘ent. trisodium jihosphate, I ])er cent 
dextrine or starch, and sufficient (aitch to yiedd at least 2 per cent of tannic 
acid, the balance being water. Sodium ahiminatc* aloiui has given excel- 
lent results with watei' from the Oreat Lakes and the rivei's of the Mississ- 
ippi Valley. 


TABLE 77 


FACrrOllS FOR IT.SK WITH in roTHlOTK’Ali COMllINATTONS 


Sail 

Soda A.sii 
Niiat '1 )a 

Lump Lime 
C’fiO 

JJMJmteii 

Iiimo 

Calcium chloride, (’aCM^i. 

0 iirM 



Calcium sulphate, CaSOi 

0 770 



Caleium carbonate, CaCO.^ 


0 r,(;6 

0 740 

Caleium bicarbonate, (!a(ll(X).0i' 


0 :m 

0 457 

Magnesium chloride, C'aCL ... 

1 ii:^ 

0 .5S0 

0 778 

Magnesium sulpliale, MgSOj 

0 SSI 

0 K)(i 

0 OK) 

Magnesium earbonale, J\igC(),i . 


1 

1 757 

Magnesium bicarhonale, Mg(HCX) 3 )j 


0 7t)7 

1 014 

Sodium carbonate, Na/'Oa 


0 52^) 

0.099 


Wciglil of salt X faclor I hcojcl iciil wciglil of re age nf accessary to eliminate this 

salt as a scaling eonstil iient 

Parts per iiiillion X 0 ()0K3;i - 1 Ih. per UXK) gal 
Grains per H. S. gallon 7 = 1 lb. per KXX) gal. 

Boiler compounds are mailable in licjuid, powdered, or solid form and 
are introduced into the boiler in various ways. The usual method is to 
snuff the solution through the injector, feed it to the suction side of the 
boiler pump by means of a sight-feed lubricator, or pump it from an 
independent reservoir. 

The chief objection to treatment with boiler compound is the accumula- 
tion of the scale-foniiing substances within the boiler itself. This necessi- 
tates more frequent blowing off and greater supervision than with outside 
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treatment. The tendency in th(^ modcjii plant is to do away with the 
use of snbstaiHies within the boiler for reacting (diemically with impurities 
or aiding inec^hanically in their elimination. 

InteHor Treatnumt uj Boiler Waler.'^- H:iil\v:iy Ago, Nov. 12, 1021, jj. 03.5. 

Treating Boiler Scale with Kcro.scne: Powct Phint lOiigrg , Mar. 1, lOlS, p. 212. 

The Sphere of Boiler Compound: J\)wor, July <S. 1024, p 56. 

245. Water-Hoftenlng and Purifying Plants. — ( 'heinical treatment of 
feedwater outside the boiler is effected in “ wat(*r-softening ’’ or “ ])urify- 
ing ” plants. The term ‘‘ waba* softener ” is ordinarily a])plied to systems 
in which the temporary and permanent hardness(\s are reduced to a negli- 
gible point, and the term “ purifying plants ” In systems in which some 
particular impurity or iinpuriticis are neutralized or eoinplebdy removed. 
In boiler practical the two terms are used synonymously and are applied 
to all systems of water trcjitment outside the boiha*. Water-softening 
plants are of two basic types, precipitation and zeolite. In the former, 
the reagents are added to th(^ raw water and thoroughly mixed, and the 
precipitated impurities are removed by sedimentuition or filtration. In 
the latter, chemical action takes pla(‘e as th(^ raw water gravitat(\s or is 
forced through a layer of material known as zeolite, which pt)ssesses the 
property of exchanging sodium for calcium and magnesium. Precipita- 
tion plants include two types of cold processes: the continuous, in which 
the water flows to the softener in a e.oTitinuous stream; and the inter- 
mittent, in which the water is treated in l>atches. Where the chemicals 
are lime or lime and soda, as is usually the case, the j)lants are sometimes 
designated as a lime or a lime-soda plant. The eold-process ])laiit is 
used chiefly in softening water for locomotives and in large ])lants where 
space requirements are not re.stricted. The hot pjocess is e.ommonly used 
in plants where exhaust steam is available for heating the water. As 
chemical reactions are greatly accelerated by iK'.at, the hot-process plant 
requires less space, lighter foundations, less housing, l(\ss pii)ing and fewer 
fittings than the e.old-process plant, and the scale-forming matter is more 
completely removed and in considerably less t,im(\ 

The essential elements of the intermittent plant are (1) the chemical 
or mixing vat for mixing and dissolving the chemicals, (2) two or more 
reaction or solution tanks equipped with stirring devices for mixing the 
rkw water and chemicals, and (3) a filter. The essentials of the con- 
tinuous plant arc (1) the chemical or mixing vat, (2) the proportioning 
device for maintaining the correct ratio of chemicals to water, (3) the 
mixing or solution tank for mixing and agitating the Avater and chemicals, 
(4) t-he precipitation or settling tank for sedimentation and (5) the filters 
for removing any suspended matter which may be carried over from the 
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settling tank. In either case successful treatiuenl requires a correct ratio 
of water and reagent, thorough mixing and agitation of both, sufficient 
time for the completion of the chemical reaction, and comi)letc clarification 
by sedimentation and filtration. The intermittent and continuous lime- 
soda i)roc.esses reduce the htirdness of water t.o an a.v(M age of about 4 to 5 
grains per gallon. Table 78 gives the effect of soda-lime tieatment in a 
specific case. 

Figure 382 gives a section through a Sorge-Cochrane hot process 
softener illustrating the continuous hot-process type. An open heater, 



with an oil separator attached for eliminating th(^ great c^r part of the oil 
entrained with the exhaust steam, is mounted directly over a chamber 
in which (ffiemical reaction and sedimentation take place. The raw water 
is fed into the heatei and its temperature is raised to that of the steam. 
A considerable portioT] of the dissolved gases is eliminated by this process. 
The heated water is then ndxcd with the reagcTit .and falls directly into the 
sedimentation tank. The precipitated matter is deposited in the conical 
bottom of the sedimentation chamber, froju which it can be washed by the 
opening of a single valve. In order to eliminate convection currents, the 
hot water and the softening reagents are delivered at the top and travel 
slowly to the bottom, from which the clarified water is drawn off by an 
inverted funnel. The removal of scale-fonning matter at high tempera- 
tures by sedimentation is so effective that, for many waters and plant 
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conditions, filtering may be dispensed with. Other conditions demand 
the use of filters, and in this case a low-pressure sand filter is placed between 
the sedinumtation tank and the boiler-feed ])uinp, the water flowing 
through the filter by gravity. Modifications of the Sorge-Cochrane 
softener permit of automatic tn^atment of pari, of the water and heating 
only of the rest, as for exaini)le in surface-(;ondenser practice when the 
condensate is to be heated and the raw makeup water is to be both heated 
and treated. The hot ])rocess reduces th(i hardness of water to about 3 
grains per gallon. 


TAHLE 78 

KITECl’ OF SODA-LIMB TUBATMBKT AND FILTH \TION 


NiuKuia llivoi — HuITjilo, N V 


ilfiw 

f JraiiiH 

FKT r.s. 

(.Jill. 

> 

Tioalod 

CiraiiiH 
par S. 
Oal. 

Volatile and organic' inatt(‘r 

trace 

Volatile and organic* matter 

trace 

Silica 

I So 

Silica .... 

0 15 

Oxidc.s of iron and aluniiiia 

trace 

Oxides of iron and alumina 

trace 

Calcium carbonate 

2 20 

('alcium carbonate . . 

1 25 

Calcium sulphate 

2 n 

Magnesium hydrate . . 

0 25 

Magnesium carbonate 

0 48 

Sodium suliihate 

2.21 

Magnesium clikiride 

0 0.) 

Sodium chloride 

0.80 

Magnesium nitrate. . . 

Sodium chloride. . . 

1 10 

0 70 

Sodium nitrate 

1.31 

Total solids 

Suspended matter 

Free carbonic acid 

8 01 

0 10 

1 i;i 

Total solids 

5 07 

Incrusting substanc.cs 

7 85 

rnerust ing substances . . 

1.05 


Cost of Iroiitinont, 0,8 cont iK‘r KMX) gjillons. 


Zeolite water softeners have been in use for several y(\‘irs in laundries, 
dye establishments, and other industries, l)ut only to a limited extent in 
boiler plants. Recently, however, the value of this class of softener for 
treating feedwater has been demonstrated and a gr(\at niimlier of plants 
have put it in service. Zeolites are insoluble hydrous silicates which have 
the property of exchanging their sodium content for the calcium and 
magnesium in the water. The (exchange does not ceast*. until the sodium 
is used up, after which the zeolites may be restored to their original effi- 
ciency by being soaked in common brine. One of the best known zeolites 
is marketed under the trade name of Permutit and is produced from clay, 
feldspar, soda ash, and pearl ash. Its composition may be expressed 
empirically as 2 Si02, AI2O3, Na^jO, 0 H2O. Denoting the Permutit radical 
by the symbol Pe, the softening of water takes place in accordance with the 
following equations: 
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NaoPe + Ca(H(X) 3)2 = C^aPe + 2 NaHCOg 
Na>Pe + (^aS04 = CaPe + Na2S()4 

NaoP, + Mm;(H(X).0o = Mp;Pe + Na 2 HC 04 
NcOoPc + Mp:S()4 = MgPe + Na2SC)4 

From the reactions it will Ix' seen that the temporary hardness due to 
magnesium and calcium hi carbonates is removed with the formation of 
sodium bicarbonate, ai\d the )Ka*manent hardness is removed with the 
formation of sodium suli)hat(‘. 

Figure 383 shows a side elevation and sectional end elevation of a 
typical Permutit sofhaiing plant. It will lu^ seen that the raw water is 
delivered to the top of a closed tank and is caused to pei colate successively 
through a layer of ciusIkhI marble, Permutit, aiul gravel. This filtration 
effects the necessary inirificatfon, and the water leaving the system is of 
zero hardness, but rich in sodium salts. When the exchange limit is 
reached, salt water is jiassed through the zeolite bed and sodium replaces 
the impurities, which are disidiarged to the sewer. There is no loss of 
zeolite material (‘xcept perhaps that due to attrition. 

The advantages and disadvantages of the zeolite system have been 
summarized by S. T. Powell, as follows: 

Advantaces: 

1. Treated water from zc'oljle softeners contains less calcium and magnesium than 
from any other method with the exception of eva])orators. 

2. 'The process roipures less a-tientjon ttian any in which chemicals are used. 

3. Less sjiac.c is recimred to luiusi* Itu* ajiparatus than for a chemical softener. 

4. No repumjmig of water is reipiired. 

5. No dispo.sal ot sludge is reiiiured. 

G. Zeolite softening materials will ojiorate with varying hardness of water without 
changes in methods of ojieratioii. 

7- Salt, the only agent recpiired for n‘.gcneration, is alwa\s olitainahle and at a 
rcasonal)l(! price 

S. There is less depreciation than with other ty])e,s of sofhuiers. 

9. No dangia- exists from deposits of e.hemieals after treatment. 

10. Simiihcity of control is fundamental in the method. 

• Disadvantages: 

1. Much higher cone.ent ration of soda results than from the lime and soda process. 

2. A loss of zeolite material is caused by attrition. 

3. The method is not apiilieable to wate-rs of high hardness, because of the rapid 
concentration of soda and thi^ high first cost in comparison wdth lime and soda tniatrncnt. 

4. It cannot be operated Avith turbid waters, but must be used in conjunction with 
filters if the raw^ w^ator supply contains suspended matter. 

5. It cannot be used to soften waters high m iron or manganese unless the water is 
first treated to remove these constituents. 
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6. The method is not applicable to the softening of waters which contam acids unless 
the acid is first neutralized. 

Treatment of Feedwater: 1023 Rej)ort, Part B, Committee on Prime Movers, N.E.L.A. 

Softemng Boiler- Feedwater inth Zeohies: Power, Sept. 12, 1022, p, 412. 

The Relative Merits of Lime-soda and Zeolite Water Softemng: Jour. Am. Wat. Wks. 
Assoc., Vol. 10, No. 4, July, 1023. 

34«. Protective Coatings. — Various coalings have been applied inter- 
nally and externally for the pur]K)se of protecting the metal surface from 
corrosion, and internally only to jirevent the adhesion of scale. Oraphite, 
graphite and oil, vaiious organic comi)ounds, galvanizing and carbon 
paint, have been used for internal surfacing with diversified results. 
Some f)lants report that the trea.tm('nt gav(^ satisfactoiy results, others 
that the benefits derived weiv too short-lived foi- i)ra(di(^al considerations, 
and a few that the ill effects arising from the use of protective coatings 
more than offsi't. any noticeabh* Ixaudit. The a])plication of any coating 
over a surface whicdi has aheady become siailed, in the hope of rotting 
the scale, is not recommended, berause the loosened material may lodge 
in a tube and (aiusc' blistering oi* ev('n failure. Some coatings are greater 
heat insulators than tlu' s(*al(^ which they are intended tx) dis])lace. Inter- 
nal and external conosion and s(*al(* formation may be prevented by proper 
feedwater treatment aiid ])lant oi)era.tion, as is evidenced by the per- 
formance of many of our mod(u*n plants where special attention has been 
given to the elimination of these troubles. 

Dint illation. (See jiaragraph 2()().) 

247. Degasifleation. — Internal corrosion due to the presence of dis- 
solved gases ui the feedwater may be entiixJy eliminatcHl by removing the 
gases from the watei' before it is hal into tJie economizei* or boiler. There 
are two distinct i)roc(‘sses for effecting this lesult; (1) deaeration, or the 
liberation of the gases by boiling the watei' and the subscHpuint withdrawal 
of the gas('s hy suitable m(‘ans, and (2) deactivation, or the absorption of 
the gases by some chemi(*al reagent, such as iron turnings. There are 
several makes of deaerators and deactivators on the market. Among the 
former may be numtioned the Elliott “ Contraflo ” and Cochrane, and 
among the lattcn- the Speller. 

Where there is sufFicient exhaust steam to heat t-he f(HMj water to 212 
deg. fahr., an open heater, with large t,ray surface or efficient spray nozzles, 
vented to the vacuum pump or eject oi', is cajiable of reducing the gas 
content to apiiroxiniately 0.5 c-c. per liter. Where the temperature of 
the feedwater is less than 210-212 deg. fahr., the water is run into a closed 
tank, where it is sprayed, or otherwise broken up by spilling over pans, 
under a vacuum somewduit below that corresponding to the boiling point 
of the water at its intake temperature. The entrance of the water into 
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the vacuum chamber causes some of it to flash into vapor (explosive boil- 
ing), and the vapor, in its violent formation throughout the mass of ^vater, 
carries with it practically all the dissolved gases. This process of explo- 
sive boiling is not neccssaril}'' limited to low feed temperatures; in fact, 
the higher the initial tempeu-ature, the better will hv. the gas elimination. 
When operating with an open-heater temperature of 210 deg. fahr. and a 
separator temperature of 188 deg., the Elliott dc'aei ator is guaranteed to 
remove all but 0.02 cc. of gas per liter. 



Fig. 384. Cross Section of a Typical 
Deaerator (Elliott ) . 


Fig. 385. CoiTihinjilioii Deactiva- 
tion IMant. 


In the commercial type of deactivator, the whaler to be treated is heated 
as high as possible under lh(^ plant conditions, and then run into a closed 
tank filled with iron turnings or thin perforal,ed plates of any rd])u\ de- 
activating material, which absorb the oxygen or other free corrosive gases. 
The higher the temperature, the more rapid is the action of the ileactiva- 
ting material and the smaller can be the apparatus for a given output. 

Where the feed temperature is below 200 deg. fahr., and practically 
complete elimination of both corrosive and other non-condensable gases 
is desired, a combination of deaerator and deactivator is frequently 
employed. Figure 385 gives a diagrammatic layout of a (H)mbination as 
designed by the Anti-corrosion Engrg. Corporation. This includes an 
ordinary vertical open heater from which Uic water is passed into a tank 
at lower pressure, but not so low as to boil the water, so that no condenser 
is required. 

The Degasification of Boiler Feedwater: J. R. McDermet, Tran.s, A.8.M.E., Vol. 
44, 1922; Prime Movers Committee, N.Pi.L.A., 1923, Report, Part B, p. 171. 

Field Method for Determining Dissolved Oxygen: Power, Dec. 11, 1923, p, 930. 
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248. Economy of Preheating; Feedwater. — Although a feedwater heater 
acts to some extent as a purifier, its primary function is that of heating 
the water. Since the heat content of live steam ranges froiii 1100 to 13(K) 
B.t.u. per lb. above 32 deg. fahr., 1 per cent less heat is required to evapo- 
rate the feedwater into steam for every 11 to 13 deg. that the water is 
heated. The decrease in fuel consumption, or saving in fuel, due to heat- 
ing the feedwater will vary with the overall efficiency of the boiler unit. 
Ordinarily, the temperatun' of the feedwater does not ai)preciably affec^t 
the overall efficiency, but ^^’ith some types of boilers, changes in temperature 
reduce or increase the rate of heat transfer and hence the efficiency. 

If // represents the heat content of the boilcu* steam above 32 deg. fahr., 
tii and t the initial and final temperature of the f('(‘(Iwat(jr, resi)ectivcly, e 
the overall efficiency of the bpiler unit, then S, th(^ per cent saving in fuel 
due to preheating, may be exfiressed 


S = 100 


II - 


it - to)r 
(t, - ~S2) ' 


(236) 


Example 60. — Steam pressure, 200 lb. gage; superheat, 100 deg. fahr.; 
initial and final temperature of feedwater, 80 and 210 deg. fahr. respec- 
tively; boiler efficiency 75 ])er cent. 

Required saving in fuel due to heating tlu* feedwater. 

Solution. — Here II (from steam tables) is 1250, 5) = 80, t = 210, 
c = 0.75. 


S - 100 


(210 - 80) 0.75 
1250 - (80 - 32) 


==8.0 per cent. 


Table 79 based upon equation (23()) for 100 per cent boiler efficiency, 
may be used as a guide in apiiroximating savings due to preheating feed- 
water. 


249. Classification of Feedwater Heaters. — I'eedwater heaters may be 
classified according to the -source of heat, as 


Cldffs 

1. ExhausKstcam 

2. Bleeder 

3. Jet 

4. Gland 

5. Flue-gas 

6. Live-steam 


Source of heat 

ExliaiLst from engines, turbines, etc. 

Steam bled from intermediate stages of 
turbines and engines. 

Exhaust steam for eoiidcnser air ejectors. 
Steam u.sed for scaling glands. 

Flue gases and waste-heat gases. 

Steam which has not beim partially con- 
verted to work. 
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Or, according to the method of heat transmission 

Class Method 

1. Open Direct contact of steam and water. 

2. Closed Steam and water sejiaratcd l)y metal walls. 


TABLE 70 

PEHCENTACJE OF SAVING FOR EACH DECJREE OF INCREASE IN TEMrEUATURE OF 

FEEDW^ATER 

(lijiHCMl on Marks & Davi.s Steam Tables) 


Tnitml 


Sleiini ]*resMuie, I.b per S<|. In (bigc. (Sal urateil) 


of Fe^ 

0 

20 

40 

00 

HO 

100 

120 

140 

Kid 

32 

08()9 

.0857 

0851 

0816 

0813 

t 

0811 

0839 

0837 

0835 

40 

0875 

08(;3 

0850 

0853 

0849 

0846 

0845 

0843 

,0841 

50 

0SH3 

0871 

08()4 

08.59 

08.56 

08,53 

0852 

0850 

0S4S 

60 

0891 

.0878 

,0871 

0867 

0864 

0861 

0859 

0857 

0855 

70 

0899 

.0H8() 

.0879 

0874 

.0871 

0868 

0Sf)7 

0865 

0863 

80 

0f)07 

0894 

0887 

0882 

.0878 

()87(> 

0874 

0872 

0871 

90 

0‘)15 

(m2 

0895 

0890 

0887 

0884 

0882 

0880 

0878 

100 

0<)24 

fM)10 

0<)()3 

0898 

081)5 

(IS!)2 

0890 

0888 

0886 

no 

(m2 

0<)19 

0<)11 

09(X» 

0903 

0900 

0898 

0896 

0894 

120 

(K)41 

0<)27 

(K)19 

0915 

.0911 


0906 

0904 

0902 

130 

0950 

(K)36 

(H)2S 

0923 

0919 

(H)16 

0915 

0912 

0911 

140 

0959 

(X)45 

0<)37 

0931 

0928 

0925 

0923 

0921 

0<)I9 

150 

,0909 

.0954 

0<)46 

.(K)40 

0987 

(H)33 

0931 

0930 

0928 

160 

(K)78 

0963 

0<)55 

0948 

.0946 

0942 

0940 

0938 

0936 

170 

0<)88 

0972 

09()4 

0958 

0f)55 

0951 

0948 

0947 

(X)15 

180 

0998 

0982 

(K)73 

(H)f»8 

0964 

0960 

0958 

0956 

()t)51 

190 

.1008 

0992 

0f)83 

0t)77 

0973 

0969 

.0968 

0965 

0<)64 

200 

1018 

1(X)2 

(X)93 

0987 

(H)83 

0978 

0977 

0971 

0973 

210 

1029 

1012 

1003 

0997 

0993 

0989 

0987 

0981 

0983 

220 


1022 

1013 

1(K)7 

1003 

0999 

0997 

0994 

0992 

260 


1032 

1023 

1017 

1013 

1009 

1007 

1004 

1(K)2 

240 


1043 1 

, 1034 

.1027 

1023 

1019 

1017 

1014 

1012 

250 


1054 1 

1044 

1008 

1034 

1029 

1027 

1024 

.1022 


ISO 


0K31 

OMO 

().S^17 

OSM 

0SG2 

0S70 

0877 

0885 

0803 

0001 

0010 

0<)18 

0027 

0035 

0041 

0f)53 

0tK)3 

0072 

0082 

0001 

1001 

.1011 

1021 


0834 

0830 

0846 

0853 

0861 

0860 

0876 

0884 

0802 

0000 

(M)00 

0017 

0026 

0034 

0043 

0t)52 

0062 

0071 

0081 

.0000 

1000 

1010 

.1020 


Multiply the factor in the table corrc.s|>oiidiiiK to any given initial Lemperature of feedwalor and boiler 
pressure by the total rise in feedwater temperature, the product will be the percentage nf saving 


Heaters may also be classified according to the pressure of the heating 
steam, as 

1. Vacuum, or primary, in which the pressure is less than atmospheric, 
as, for example, the exhaust from condensing units and steam bled from the 
lower stages of a steam turbine. Vacuum heaters are usuallj'^ of the closed 
type unless the jet condenser of the house turbine is classed as a heater. 

2. Atmospheric, or secondary, in which the pressure is atmospheric or, 
literally, that corresponding to the back pressure on the engines and 
pmnps. 
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3. Pressure, in which the pressure is above atmospheric. 

Heaters may be still further (*lassifi('(l as 

a. Induced, in which only such steam is admitted as is induced by its 
condensation. That is, the feedwater condenses the steam. This creates 
a partial vacuum which draws in more steam. 

b. Through, in wliicli all the steam is forced through the heater irre- 
spective of (-ondensation. 

While all feedwater healers, condensers, and coolers are heat exchangers, 
the term heat exchanger without qualification is ordinarily applied to 
small auxiliary api)li- 
anc(\s where heat is 
transferi’ed from one 
licpiid to another. 

250. Open If eaters. — 

Figure 3S(i gives a 
sectional vi('w of a 
Cochrane si)ecial fc'ed 
heater and rec(‘iver and 
is a typical example ol 
an open heater. Ex- 
haust steam enters the 
heater through a fluted 
oil separator as indi- 
cated, and jMissc's out 
at the top, while* llu* 
oily drips are automat- 
ically drained to waste* 
by a suitable ventilah^d 
float. The h'edwater 
enters through an auto- 
matic valve and is 
distributed over a seri(‘s 
of copper trays so ar- 
ranged and constructed 
that the water is forced 
to fall in a finely divided stream before reaching the reservoir in the 
bottom. The steam coming in contact with the water particles gives 
up latent heat and (*oridenses. Some of the scale-forming element is 
deposited on the surface of the trays, from which it may be removed. 
The suspended matter is eliminated by a coke filter in the bottom of 
the chamber, and the floating impurities are decanted by a skimmer 



Fi«. 880 . C'ochrarie Feedwater Heater. 
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or overflow weir. The particular heater shown in the illustration is 
especially designed for use in a steam-heating plant; i. e., besides per- 
forming all the functions of an open heater, it provides for the recep- 
tion and heating of the condensation returned to it from the heating 
system. 

Figure 387 shows a setdion through a Hoppes open heater, illustrating 
the pan type. Exhaust steam enters at 77, passes through oil filter 
O, and completely sunouiuls pans T, T. The feedwater enters at 7i, and 



the rate of flow is regulated by valve Fj whi(;h is controlled by a suitable 
float in the lower part of the chamber. The watej-, in flowing over the 
sides and bottoms of the pans, coim^s into ilirect contact with the steam. 

251. Combined Open Heater and Chemical Purifier. — Combined feed- 
water heaters and chemictal i)urifiers are finding increased favor with 
some engineers in districts where the feedwater is i)articularly bad and 
space limitations preclude the use of water-softening plants. When 
properly proportioned, the puiification is highly satisfactory, but as a 
general rule the ecpiipment is too small and sufficient time is not given for 
efficient purification. 

262. Heat Exchange In Open Heaters. — The various factors entering 
into the heat exchange between the steam and water in an open heater 
may be correlated as follows: 

Let 77, Qo and g represent, respectively, the heat content per lb. of 
steam, inlet water and outlet water, B.t.u.; to and t the initial and final 
temperature of the water, 'deg. fahr. ; and W i and W 2 the weight of steam 
condensed and water heated, lb. per hr. 
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Then, Wi (// — q) = heat given up by tlie si cam, and W 2 {q — Qo) = 
heat absor])e(l by the water. 

Therefore, iH'gleeting losses, 

TFi (II - q) = IW (q - qo) 
which for all practical puiposes may be written 

W, ill -1 + :V2) W, it - to) (237) 

This equation is applicable to all phasevs of open and closed Inhaler prac- 
tice. Attention is called to the fact that the maximum valuta of i can 
never ex(^eed that of tlu' steam used for hejiting. 

Example 61. — A lOOO-hj). non-condensing uniflow engine uscmI 24.5 lb. 
of saturated steam per i.hp-hr. ; initial pi‘(\ssure 150 lb. abs.: back pres- 
sure 0 lb. gage; tempeiature of watei’ supply (>2 deg. fahr. H(‘(piir(Ml the 
percentage of the engine steam sui)]dy which must Ih' used foi' heating the 
feedwater to the maximum obtainable. 

Solution. — The maximum temp(M‘atur(' possil)l(‘ with steam at atmos- 
pheric pressure is 212 deg. fahr.; i. e., I 212. II may ]>o calculated 
from ecpiation (HO) assuming a loss oi 1 i)ei voni, thus: 

II = 1193.1 - 0.01 X 10)3.4 - 2547, '25 - 1079.7 

In oj)en-heater ])ractice the total w(Mght of hot water available is that 
of the condensate i)lus that of the cold wa.t(‘r supi)li(Ml. The total weight 
required in this problem, assuming no losses, is 24.5 X 1000 = 24,500 lb. 
per hr.; therel'on', IFu, the weight of cold water to Ix' supplitid = 24,500 
- W^. Substituting W 2 - 24,500 - H ., H - 1079.7, t - 212, and to 
= 62 in equation (237) and solving for M'l we h.‘iv(' 

W^ (1079.7 - 212 + 32) - (21,500 - IP,) (212 - 02) 
from which 

Wi = 3500, approximately, 

and 

TFi/24,500 = 3500/24,500 == 0.143 or 14.3 per cent. 

Example 62. — 20,000 lb. of steam per hr. are bled from the 17 lb. per sq. 
in. abs. stage of a steam turbine to an open heater. If the tuibine water 
rate is 21 lb. i)er kw-hr. at, the 17 lb. stage, rcxpiired the tem])erature to 
which the feedwater can tie heated if the total w(4ght of feedwater is 

300.000 lb. per hr. Initial pressure 300 lb. abs., sujierheat 200 deg. fahr., 
temperature of condensate 92 deg. fahr. 

Solution. — Wnj the weight of condensate to be heated, = 300,000 — 

20.000 = 280,000 lb. per hr. 

From equation (146), assuming the turbine and generator efficiency 
to be 95 per cent, 

// = 1319 - 3415/(21 X 0.95) = 1148. 
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Subsiitutiiip; // = 1148, to - 92 and Wn = 290,000 in equation (237) 
and S(dving foT^ t we have 

20,000 (1 14S - /. + 32) = 280,000 {i - 92) 

I = K^f) d(^^. fahr., approxinialely. 


J553. Pan Surface Kequired in Open Feedwater Heaters. — Pan or tray 
surface recpiired vaiic's aecoi din^ to the (piality of the Avater with regard 
to both seale-niaking niat(‘rial and iiiud, but. may be ai)]jroxiniated l)y the 
formula 


Pounds of water luaited ])er hour 



'V 

A oii Ta ih‘ 

Ilonzoritiil \ 
Type 

For v(Tv iniiddA' c ... 

IIS 

110 

Slightly muddy water, < 

ICO 

155 

For cdeiLii wat(M', r. 

500 

4(X) 


354. Size of Shell, Open Heaters. -- ( leneral pro])ortions of open 
heaters vary eonsidiM'al^ly on a(*(*ount of ttu^ different airangenients of 
l^ans or trays, filters, and oil-('xt.ra(*ting devices. A fair idea of the size 
of shell rccpiired may be obtained by the formulas 


Area of shell = - 


horse] )ower 


Length of shell = 


<( X length in feet 
horse])ower 

a X area in scpiare feet 
a = 2.15 for very muddy water, 

« = () for slightly muddy water, 
a = 8 for clean water. 


(239) 

(240) 


The horsepower in this case is obtained by dividing the weight of water 
heat(‘d per houi- by the st(»am consumption of the engine per horsepower 
l)er hour. 

Pans containing 2.5 sij. ft. and less are usually made round, and larger 
sizes rectangulai’ in plan. When cii'cunistaTic^‘s will permit, it is better to 
have not more than six pans in any one tiei‘, since it. is advisable to pro- 
poilion the i)ans so as to obtaii^ as low a velocity over each as practicable. 

Distance betAveen trays or pans is seldom less than one-tenth the width 
for rectangular, and one-fourth the diameter for round pans. Volume 
of storage and settling chamber in horizontal heaters varies from 0.25 for 
good (]uality of Avat.ei' to 0.4 of the volume of the shell for muddy water, 
0.33 being about the average. In the vertical type, the settling chamber 
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represents respectively 0.4 and 0.0 the volume of th(' shell with clear arid 
muddy water. Filters occupy from 10 to 15 prv cent of tlu^ volume of the 
shell in the horizontal tyiie and from 15 to 20 per c('nt in the vertical 
type, the smaller percentage corres]K)nding io clear Avater and th(' larger 
to muddy water or water containing a consideral)le ciuiintity of impurities. 

255. Closed Heaters. — (dosed steam heaters bear the same relation- 
ship to open heaters as do surfa(‘e condensers to jet condenseis; in fact, 
all steam heaters are condensers. In all surfa(‘e condensers, except those 
of the water-works type, the (‘ooling water jiasses through the tulx^s and 
the steam passes across or around the tubes, while in the majority of 
closed water heaters the reverse is tine. In surface condensers, the tubes 
are invariably straight; but in c,los(‘d h(‘jiters, because of the highei- tem- 
peratures, the tubes are frequently Ixuit, coIUmI, oj- corrugated to provide 
for the excessive (expansion. Closed heateis (>perate with cither parallel 
or counterflow, and the water jiasses dircad.l}^ through a single nest of 
tubes (single flow) or back and forth through a s('ri(‘s of nests (multi-flow). 
Occasionally, where scale-free water is available, tlie water is forced across 
th(^ heating surface in a thin sheet or film (film heaters). 

Figure 388 shows a section through a multi-flow straight-tube closed 
heater illustrating the type most commonly found in })ower plant pra(di(*.e. 


\Valr*r Onllct 



Fig. 388. Typicjil (dosed Heater with Floatinji; H(‘ads. (AlherRor.) 


The heads are of cast iron and the shell of cast iroji or sheet steel. The 
tubes are rolled into a fixcrrl head at the inlet end and into a loose or float- 
ing head at the other end, thus providing for contraction or expansion. 
Removable covers afford easy access to tlie tubes without breaking steam 
or water connections. (Jondensate is removed from the bottom of the 
steam chamber by a suitable drip. Both the fixc'fl and floating heads 
are baffled so as to cause the water to pass back and forth through different 
nests of tubes. This increase of length of water travel peniiits of higher 
velocity of flow with corresponding increase in rate of heat transmission. 
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Fi«. 389. Typical TT-lube Closed Fig. 390. Typical Multi-tube Coiled 
Heater. (Herrymaii Tyiie.) (3osed Heater. (Redly.) 



Fig. 391. Typical Coil Heater. 
(National.) 


Fig. 392. Typical Steam-tube 
FeedwateT Heater. (Otis.) 
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Figure 389 shows a section llirough a closed heater in which expansion 
is absorbed by bending the tubes as indicated. In Fig. 390 and Fig. 391 
the tubes are coiled, giving a long water travel and at the same time 
providing for expansion. 

Steam-tube heaters are sometimes employed because' the scale adheres 
to the outside of the tubes instead of the inner surfaces. Wheie the scale 
is of such a nature that it can be readily loosened by any simple treatment, 
the accumulation (^aii be easily removed by washing through the various 
openings installed for this jiurpose. Figure 392 shows a sectioo thi’ough 
a heater of this tyi)e. 

The heating element in a film healer consisis usually of (wo spirally 
corrugated tubes, one within the other, the watei- path being the small 
annular clearances between the two. Thus the Avab'r is dirticted in a 
spiral path due to the corrugations, and for a given v(‘l()city the particles 
of water come more often in contac't with the heating surface than in 
plain tubes, because they are contained within an annular si)ace whose 
perimeter is large in comjiarison with its area. This type of heater, 
though highly efficient, in heat transmission, nec.essitatt's th(' use of com- 
paratively pure water and is not commonly used for heating raw water. 

250. Heat Transmission in Closed Heaters. — Since th(‘ closed heater 
is practically the same in primiple as a surface' conde'nsc'r, the laws of 
heat transmission are ])raetically identical in both enses, at. le^ast for 
maximum water tempcratur(\s under 180 cic'g. fidir. Above this tc^mpe'ra- 
ture, the oceduded gases appear t.o have a marked influence on the iunount 
of heat transfeired. ((.'onsult “ The Laws of Heat Tiansfej ,” Engnj.j 
Vol. 110, July 0 to Aug. 24, 1923.) Because of the libeial factors allowed 
in practic.e, it is sufficiently accurate for most, engineering designs to as- 
sume that the fundamental laws for water heaters aTid (‘ondens('rs are the 
same. Increasing the velocity of the fluid which is t(^ be heated in passing 
through the heatei’ increases the rate of heat transmission and thereby 
renders the heating surface more effective. In order to employ moder- 
ately high velociticis and at the same time allow sufficient time in which to 
raise the temperature to a maximum, th(^ jKissages (hroxigh the heater 
should be as long as practicable and of small cross-sexdional area. Other 
things being equal, a he^wter containing a large numlxir of jxassages of 
small cross-sectional area is more efficient than one containing a small 
number of large passages. It is important to })roportion the heater 
according to the amount of fluid to be heated and the maximum tempera- 
ture to which the fluid must be raised. In designing a heater, then, the 
maximum temperature to which the fluid is to be raised and the coeffi- 
cient of heat transfer arc assumed and the amount of heating surface is 
calculated from equation (241) or (242). 
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Although recent experiment shows that the amount of heat transmitted 
through the heating surfacie is proportional to soirie power of the mean 
temperature difference, the value of the exponent is not far from unity 
(0.8 to 0.9) and it may be safely taken as such, pai’ticularly in view of the 
liberal factor allowed in the assumed value of the coefficient of heat trans- 
fer, U. With this assumption, the extent of heating surface may be 
calculated from the following modification of ecpiation (209). 

= cw (tn — to) Ud (241) 


ill which 

S = total tube heating surface, sep ft., 

c = mean siiecific*. heat of the fluid to be heated; for water this may be 
taken as 1.0, 

w = weight of fluid heated per hr., lb., 

U = final temperature of the fluid, deg. fahr., 

to — initial temperature of the fluid, deg. fahr., 

V = mean coefficient of heat transfer for the entire surface, B.t.u. per 
sep ft. per d('g. difference in temiierature p(T hr., 

d = mean tempc'rature diffeience iietwcen the steam and that of the 
fluid to l)e healed. 

For ordinary pi acticc', Avher(‘ tlie various influencing fa(^tors are not well 
established, it is sufficiently accuiate to take the aritlimetic mean as given 
in equation (219). Heatc'r maniffiudurei’s, however, usually base their 
calculation on the logarithmic mean as given in ecpiation (218). 

Substituting the logarithmii^ value of d in ecpiation (241) and reducing 
we have 

For a given extent of heating surface S, the temperature difference 
between that of the steam and the feedwater heaving the heater may be 
calculated by solving ecpiat ion (242) for thus 

{ts - to) - its - h) = e” (243) 


in which 

e — base of the Naperian logarithm 
= 2.718, 

n = SU/cw; for water n = SU/iv. 

By taking different extents of area, N, and solving for the corresponding 
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values of ts — fe, the temperaiuro f^radiciit for a given heater may be 
obtained as illustrated in P'ig. 31^3.^ 

From equation (241) it will be seen that the extent, of heating surface 
depends upon the weight and spec^ifie heat of the thud to be hiiatcd, the 
temperature of the steam, the desired final temperature of the fluid, and 
the value of eoeffieient of heat transh'r, U. 

SiiK^e the extent of heating surfaces incivases rapidh^ as /■: api)roache8 
tsj and becomes infinity for /j — t^, it is desirable to limit t.o some prac- 
tical figure. An average maximum of for feedvvatc'r h(\iters - t, — 4. 

The coefficient of heat transfer in tubular feedwatiM* h(‘a,t(Ms varies 
within wide limits, depending upon the 

,, , - , 1- ‘ r 

type 01 heater and the conditions ol 
operation, and ranges from = 150 
in steel tubi^ heaters with low watcn* 



En 


aait T(*iii])('r;itiirc, (Jradiciit 
in IVodualiT Hi'iitcr Tube. 


velocities to 1000 or more in the 
film type of corrugated brass tube 
heaters with water velocity of 7 ft. ])('r 
second. With suiierheated steam the 
amount of heat transferred through 
the tubes will be practicjdly the same 

as with saturated steam, tlu* pressure^ being the sam(‘. in eaidi case. This 
is due to the fact that. th(‘ outcu- surfac'e of the tulie cannot rise under 
practical conditions above the saturation tem])erature of the steam, 
regardless of the amount of suiKudieat. Therefore, the sanu' value of U 
may be taken for both saturated and superheated stc'am, since the teiri- 
perature difference b('tw(H*n the circulating water and th(‘ outer surface 
of the tube wall be the same in each case. (Consult “ Superheated Steam 
Used Directly in (4osed Heaters," by Ih (b Sprague, Poirn\ Jan. 29, 
1924, p. H)l.) In large central stations operating with highly super- 
heated steam, the exhaust from the steam-driven auxiliaries iind from the 
high-pressure bleeding stage of the turbine is frcHiuently supi'rheated. In 
such installations the exhaust or bhul steam is som(d,inK\s desujierheated '' 
before entering the heater. In practice a liberal factoi is allowed for pos- 
sible heat reduction due to the presence of air and the accumulation of 
oil, scale, or other dei)ositson the tube surfaces. The “average” values 


^For greater aecuiracy in jiredicting the tciniKTatiin* gradient, D. K Dean (Indus, 
and Engrg. Chein., May, 1^24, p. ISlij offers the following inodifieat ion of equation (242) 

,, W . (/r - fo) (Iv f fl) 

' h{ls-\-a) - 1 2 ) it,, -i-c;' 


in which a and h are eonstanf.s for a given design and set of operating conditions. 
Other notations as in equation (242). For the method of determining a and b consult 
the reference in question. 



Vacuum Heater^? between Engine and Conrlenser ' j Atmospheric Heaters 
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For any other value of U, divide the tabular value by 350 and multiply by the new value of U. 
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of U in Tabic 81 are very conservative, and a lie:iier l)ase(l upon these 
figures will operate with the prodetormined high water toiiij)eratiires for 
a long time without cleaning. With scalo-frc'c water and steam, and high 
water v(‘lo(*ities, the higher values are frecpiently used. I'or steam coils 
submerged in water and from which the condensation is withdrawn as 
rapidly as it is formetl, the value of 
U ill Table 89 api)ears to give satis- 
factory results. 

For steam-air heaters, under piac- 
tically atmospheric conditions, the 
mean value of U for j)lain brass tubes 
varies from 1/2 to 25, dej)ending 
primarily upon the initial condition 
of the steam and the velocity of the 
air through the passage, th(^ 1ow(M‘ 
value for steam at 27-in. vacuum and 
air velocity of 10 ft. ])er sec., and 
the higher value for stc'am at 100 lb. 
gage and air velocity of 30 ft. pei‘ 
sec. For extend(‘d surfaces, as in the 
‘‘ F-fin construction. Fig. 380, the 
heat transfer is considerably higher 
than for plain tubes, 

F^or steam-oil heaters, the number 
of variables is so gre^at that sj)ecific 
data must be had from the manufactuixa’. The valn(\s in Table 83 are 
for a specific tyjie of In^ater and set of operating eoiiditions Jind ar(‘ of 
interest merely in showing the variation in the value ol U with the vt^locity 
of the oil. 

Example 63. — The exhaust from a 200-hp. single non-condensing engine 
is to be used for heating water in a (*losed heat(‘r. If the vvatei* rat(^ oi the 
engine is 30 lb. per i.hp-hr., initial pressure 115 11). abs., dry steam at 
admission, required the amount of water which can be hcaited by the 
exhaust from an initial tempeiature of 58 (U^g. to a final temperature of 
208 deg. fahr., and the exf^ent of heating surface necessary to effect this 
result, assuming U = 250. 

Solution. — From eciuation (14G), assuming Hr = 0.01 we find 
H = 1188.8 - 2547/30 - 0.01 X 1188.8 = 1092 B.t.u. 

Substituting II = 1092, tg = 58 and t = 208 in equation (237) and 
solving, 

200 X 30 (1092 - 208 + 32) = Wo (208 - 58), 
from which W 2 = 36,(>40 lb. of water heated per hr. 



1(5. .'{91 ( ’(ullicu'Dl of Hout Trsuis- 

f(‘r (For ( J(‘n(‘rLil l)(‘si|i;ii.) 



594 


STEAM K)WER PLANT ENGINEERING 


Hul)stitutinK W = W 2 = 3(i,()40, <, = 212, = 58, <2 = 208 and U = 

250 in (Kjuiit.ion (242) and solving, we have 

30, 040,, 212 - 58 

' 250 ’^'212 - 208 

Example 64. — nolcMiuino tho leiip;lh of 3/4 in. (O.D.), 1/10 in. thick 
brass tubes in a cIoscmI licat(‘r dcisigned to heat, water from (iO to 190 deg. 
fahr., steam temjxiiature 212 deg. fahr., waU'r velocity 2 ft. per sec., U 
= 400. 

Solution. — S - 7rd// 12 - 3.14 d//12 = 0.197 /. 

I = water' travel or total length of j^ass, 

7200 X 3.11 X (5/8)'^ X 02.1 


w __ 2 X 3000 X 7rr/-5 
^ 144 X 4 ■ 144 X 4 

Substituting thes(' valu(‘s in equation (241), 

957 


= 957 lb. per hr. 


0.1<)/I=4o„lof,v^2^»(i 

I = 27.3 ft. ai)prox. 


From which 

Example 66. — A 200-sq."ft.. closed heater is rated ai 40,000 lb. of water 
per hour, initial tdnjH'rature 00 deg. fahr., steam ((‘inperature 212 deg. 
fahr., V ~ 300. JlcHpiirc'd the final temperature of Uk^ water. 

Solution. — Here c = 2.718, S - 200, U - 300, w = 40,000, n = 
SU/iv = 200 X 300/40,000 = 1.5, ts = 212, /<, = 00. Substituting these 
values in (filiation (243) and solving, we have 

(212 - 00 ) ~ (212 - t >) = 2 . 7181 -' 

t‘> = 178.1 deg. fahr. 


TABLE SI 

m]AT TUANSMISSTON IN CLOSED FEEDWATER HEATERS 
llijised on ConiiniMciiil 


Type of Ileat^ir 

1 r’oeflKiient of Heat Transfer, U 

Uau;»e 

Average* 

SinRle-flow, pliiiii hniss liibos.. 

150- 500 

200 

8in|j;le-tlow, corniKJitod bniss tubes. . 

250- 0(X) 

300 

Single-flow, steel 1 ubes .... 

125^ 250 

150 

Spiral coils, plain brass tubes .... 

250- SOO 

350 

Multi-flow, pbiin brass tubes . . 

250- 800 

350 

Multi-flow, eorr\igale(l brass tubes 

:150- 900- 

400 

Plain brass tubes witli retarders 

350-1000 

450 

Film heater with corrugated tubes 

500- 1200 

600 


* Because of the many variables entering into tlie problem of heat transfer, these values are of academio 
interest uuly. Specific data should be had from the mauufactui'er. 
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TABLE 82 

HEAT TRANSFER - SVMlMERfJED STE\M COILS 


Menu 

'lYMiipcrfit me 
Diliereiire 

CWHinciil lloiil 'I'rnii'.fiM . ( 

lion 

Rr.is.s 

C'opi>er 

50 

1(X) 

2(K) 

220 

100 

175 

275 

:itK) 

150 

2(K) 

:175 

4(M) 

200 

225 

•150 

475 


TAHLi-: s:? 

HEAT TRANSFElt — STEAM TO FEEL OIL, I IN 1.) fi-VOE STEEL TURES 


Vclontv of Oil 

I 'l. per Sec 

r 

\elocH,\ of < )il 
rt pel Sec. 

f 

\ clocit V of ( )ll 

J’l pel Sei' 

1 

f' ! 

0 2 

20 

1 0 

100 

1 s 

i4:i 

0 1 

55 

1 2 

112 

2 0 

i5;{ 

0 () 

71 

1 4 

1211 

2 2 

102 

0 s 

SO 

1 0 

ITl 

2 1 

172 1 

J 


Economic Fcaiurcs of Ucal-cxclumger Ik.sign. Mccli. Doc. ’21, p. S91. 


357. Open vs. Closed Heaters. --- Open and closnd lu'ators have their 
respective a(lvanta,p:(‘s, and a careful study of th(^ various influeneinp; 
conditions is necessary for an intellifient choiciL The*, following parallel 
comparison hiings out a. lew of the distinguishing features: 


Open Heater (h.osia) Heater 

EifiCLCncif 


With sufficient exhaust; steam for heating 
the feedwater mav r(*ac,h the same tem- 
perat ur(‘ as the steam. 

{Scale ami oil do not- affect tJie heat trans- 
mission. 


'Vho maximum temiierature of the feed- 
water will alwavs 1 m‘ 2 dep;rt‘es or more 
lower than tlie temperature of the 
steam 

Scale and oil di'jiosit on the tubes and the 
heat transim.s.si()n is lowered. 


• Pre.s*.surc.s 

It is not ordinarily subjected to much The, water pressure is sliglitly greater than 
more than atmospheric pressure. that m the boiler whc'ii })laf!ed on the 

pr(*,.s.sure side of the punif) as is ru.stom- 
ary. 


Safetif 

Sticking of the back pressure valve may It- will safely withstand any pressure likely 
cause it to "blow up ” if provision is to occur, 
not made for such an emergency. 
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P arijlcaiion 


Since the cxhjuist st,e.'irn ;in(l [(‘(Mlwiifer 
mingle, imivision must Ijc made for 
leitiuviiiR t he oil from tJic steam. 

Scale and other im[)iiriti(‘s j)reei|)itat<‘d in 
the h(vater are readily nnnovial. 

Di.ssolved ^ases an' nanoved if heater is 
properly ventilated. 


Oil does not come in contact with the feed- 
water. 

Scale IS removed with diflicultv. 

Does not remove* dissolved K^^ses, unless 
vented to lower firessures. 


Ijoratioti 

Must always be ])la,(i(*d above the pump May be jilaced anywliere on the jiressiire 
suction and on the suction side; side of the pump. 


Pumps 

With sujiply under suction, two juimyis ( )ne cold-water jnimp is necessary, 
are neci;ssary and one must handle*, hot. 
water. , 


Ada ptnhilitii 

Particularly adaptable for heating systems V^acuum or primary heaters are usually of 
where it is desired to pipe the "returns” this type, 
clinu't t.o heater. Adaiitable to sta^i; bleedinp. 

258. Arrangement of Heaters. — Figure 395 shows a t.vpical installation 
of an open heator (‘onnocti'cl as a “ through ” heater. This arrangement 
was common in the older designs of non-condensing plants but has been 



practically superseded by the “ induced ” connection as shown in Fig. 
397. It is evident that all the steam must pass through the heater. Now, 
1 lb. of exhaust steam in condensing gives up approximately 1000 B.t.u. 
Hence, if the initial temperature of the feedwater is 50 degrees and the 
final temperature 210, the engine furnishes 1000/(210 — 50) = 6.26, 
say, six times the quantity necessary for heating the feedwater to a maxi- 
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mum. Therefore, the area of the pipe supplying the iKviter with steam 
need be but one-sixth that of the main exhaust. the heater con- 

nected as in Fig. 395, the connections must necessaril}' be the same size 
as the exhaust pipe. 

With this arrangement the heater cannot be “ cut out while the 
engine is in operation, and hence it is not adapted for plants working 
continuously. For the i)Ui'pose of cutting out. a heater 
while the plant is in operation, a through la^ater may be 
by -passed as in Fig. 39b. Advantage' may be taken here 
of the permissible reduction in the size of pipes and 
fittings; i. e., valves, etc., at C and D need be but 
one-half the size of those at A. This reduction in size 
may prove to be a considerable item in large inst.alla- 
tions. 

Figure 397 shows a tyi)ical installation of an ^'indiu^ed'' 
heater in a non-condensing [dant, which is representative 
of current, practice. In the arrangement in Fig. 397 the 
number of fittings is reduced to a minimum and the heater may be 
readily cut out. Since induced heaters are apt to Ix'come air Ixnind, 
a vapor pipe or vent connected to a trap is inserted in the top of the 
heater as shown. Figure 398 shows a typical installation of an open 



Fia. 39C. By- 
pas.s(Ml Heater. 



heater in a condensing plant, in which the exhaust from the auxiliaries 
is used for feedwater and house heating and the deficiency is made up 
by bleeding the tui bine. 

Other arrangements of heaters will be found in connection with the 
discussion on the station heat balance, .see paragraph 295 . 

269. Live-steam Heaters and Purifiers. — The function of a live-steam 
heater and purifier receiving steam at boiler pressure is primarily that of 
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purification. Live-steam heaters are seldom installed even though the feed- 
water contains scale-forming elements such as sulphates of lime and mag- 
nesia. These, as previously stated, are not entirely precipitated until a 


Vo Atmewphere 
Bock PresBuro j 
Valve 



Fid. 398. Open Heater in a C-oiKltMiKing TMani. 


temperature of approximately 500 deg. fahr. is reached; hence no amount 
of heating with exhaust steam at atmos])heric pressure will thoroughly 
purify feedwater containing these elements. If projierly vented, all of the 

dissolved gases may 
1 A be removed in this 

manner. 

Figure 399 shows a 
section through a 
Hopipes live-steam 
purifier. Since the 
purifier is subjected 
to full boiler pressure, 
the shell and heads 
are constructed of 
steel. Within the 
shell are a number 
of trough-shaped pans 
or trays placed one above another and supiported on steel angle ways. 
Steam from the boiler enters the chamber at A and comes in contact with 



Fig. 399. Hoppes Live-steam Purifier. 
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the feedwater and condenses. The water on entering tlie heater at B is fed 
into the top pan and, overflowing the edges, follows the under side of the 
pan to the center and drops into the pan below. Tt, flows over ea(‘h suc- 
cessive paji in tlie same manner until it reaches tlu^ chamber at the l)ottom, 
whence it gravitates to the boiler through pipe (\ As the steam inclosed 
in the shell comes in contact with the thin film of water, the solids held in 
solution are separated and adhere to the bottom of th(‘ pans in the same 
manner that stalactites form on the roofs of natinal caves. Authentic 
tests show that live-steam heaters may increase the boiler efliciency to a 



Fig. 400. Typical IiLstallation of a “Livo-stcjini " Purifier. 


slight fextent, but in most instances there is a slight loss due to the heat 
given off the heater shell to the surroundings. (See Power, Feb. 21, 1911, 
p. 295.) The purifier should be set in such a jiosition tis will bring the 
bottom of the shell 2 ft. or more aliove the water level of the boilers, as 
in Fig. 400. N is the feed pipe from pump to j)urifler and should be pro- 
vided with a check valve. D is the gravity pipe through which the puri- 
fied water flows to the boiler. This pipe should be carried below the water 
level of the boilers and all Iwancli pipes should l)e taken off below the water 
line. Pipe L leads from top of pij)e aS' to pump or other steam-using 
device. This is necessary in order that air and other non -condensable 
gases liberated from the water may be removed from the purifier, which 
would otherwise become air-bound. In the illustration, the feed pump 
takes its supply from an exhaust-steam heater C. The purifier is pro- 
vided with a suitable by-pass so that the water may be fed directly to the 
boiler when necessary. 
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Heaters receiving steam bled from the high-pressure stages of steam 
turbines are not classified as live-steam heaters. 

260 . Distillation. — Sea water, which contains a high concentration of 
sodium compounds, cannot be imrified by any practical chemicial treat- 
ment, and the only means of removing the dissolved solids is by evapora- 
tion. For this reason marine steam jdaiits are invariably equipped with 
distilling plants. Certain inland waters also contain a large percentage 
of sodium salts and evaj)oration is the only possible treatiiumt. Properly 
deaerated distilled watei* is practically fiee from all impui'ities and permits 
of high rates of evaporation with minimum cost of upkeep, so that its use 
for feed i)urposes may be advisable civen where raw water has a low sodium 
content. This is paiticailaily true in the large central station with its 
heavy i)eak loads and liigh overall rate of driving. While distillation is 
produ(;tive of the ])urest wat.cn-, it is not necessarily the most economical 
method of treatmcuit, since flic gain due to the use of pure distillate may 
be more tlian offs(‘t by the increased investment and operating cost of the 
evaporating i)lant.. 

The most common method of obtaining distilltMl water is by means of 
evaporators using sb^ain a.s a heating medium. The steam supplied may 
be at any pressure and temperature, provided tlu' (‘ondtaiser or its ecpiiva- 
Icnt receiving the vapor can maintain a }n-essur(^ below that corresponding 
to the final t(^mperature of the distillate. Kvaporat-or systems may be 
classified as pressure systems, in which the steam is sui)pli(Kl under pres- 
sure considerably above atmospheiic, and vacuum systems, in which the 
pressure is at- or below atmospheric. p]vaporators may l)e further classi- 
fied as low-heat-level, in which evaporation takes plac(^ at low t-emperature 
and (corresponding pressur(‘, and high-heat-level, in which evaporation 
takes place at high temi)erature and corresponding pressure. The low- 
hcat-level evaporator usually exhausts to an open heater at a pressure a 
little above at-mosph(n-ic, while the high-heat-level apparatus exhausts to 
a special heater or surface (condenser through which the feedwater passes 
after leaving the main open heater so that the temperature of the vapor 
will be well above 212 deg. fahr., and at a pressure well above atmos- 
pheric. The evaporators of a low-heat-level distilling plant may be 
operated with boiler steam at full or reduced, pressure or with auxiliary 
exhaust steam at a pressure as low as 2 lb. gage. If operated with 
low-pressure exhaust steam, the vapor produced will have to be main- 
tained at a vacuum. High-hcat-lcvel evaporators are usually operated 
on full boiler-steam pressure and the resulting high temperature vapor 
is condensed in a high-heat-level condensing system using boiler feed 
at approximately 210 deg. fahr. for cooling water. With this system 
the boiler feedwater reabsorbs all the heat given up in the evaporator 
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coils with the exception of the small amount lost through radiation and 
evaporator “ blow.” 

Evaporators may also be classified according to f,he means of effecting 
evaporation, as flash type, in which the vapor “ flashes ” from a body of 
hot water injected into a chamber under a partial vacuum; film type, in 
which a thin film of w^ater passes over the surface of tubes filled with steam, 
and submerged tube, in which heat is inii)arted to the raw water by 
conduction from submerged tubes filled with steam. 

If evaporation takes place in one stage the apparatus is designated as 
having a single-effect. A double-effect distilling ])lant is one in which 
the vaj)or from one evaporator, called the first effect, is condenscid in the 
heating coil of a,nothei‘, called the second effect, the vapor from the latter 
being condensed in the usual way. In a triple-effect distilling plant the 
sanu^ ])rocess takes i)la(;(‘ in ftiree stages; in a quadruple-effect plant there 
are four stages, and so on up to as high as twelve stages. In order that 
the heat may pass through the evaporator heating surface into the raw 
water, it is necessary to maintain a steam temperature higher than that of 
the water. Within the usual working limits the heat transferred will 
increase directly with the temjxnature difference so that the gr(‘ater the 
temperature difference the less h(‘ating surface' will b(^ I’cepiired to produce 
a given amount of vapor. It will, therefore, be seen that a multiple- 
effect evaporating jdant will produce no moi’e distilled water than a 
single-effect evaporator of tlu' same siz(' as one of th(^ multi[)le-effect; units, 
provided initial steam i)ressures and final vajH)!' i)ressures are the same in 
both cases; but the* })ouiids of distillate obtained })er lb. of steam will be 
increased as the numbt'r of effects increase's. While exact figures vary 
considerably with (conditions, the distillate produced per lb. of steam 
average's about 0.8 \h., 1.5 lb., 2 lb. and 2.4 lb., for one, two, three and four 
effects, respectively. If the heat of the vapor were lejected to waste, the 
number of effects would be limited only by the investnumt costs, but the 
boiler feedwater can always absorb a (cei tain amount of heat so the saving 
effected by the utilization of the heat lejected at the last stage must be 
taken into consideration. Ordinarily two effects are used, aside from any 
theoretical considerations, to provide needed flexibility and to permit 
operation when one effect is down for cleaning. 

Figure 401 shows a section through the evaporat ing chamber of an Elliott 
evaporator illustrating the general principles of the flash type. Raw 
water is heated in an ordinary exhaust-steam closed feedwater heater and 
discharged into the chamber over a series of baffles. In flowing over 
these baffles a large water surface is exposed. Part of the water is evapo- 
rated because the pressure m the chamber is maintained below the boiling 
point and the rest falls to the bottom. The water at the bottom, plus 
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whatever makeup is necessary to supply the evaporation, is pumped 
through the h(\'iter and then back again to the evaporating chamber. 
The baffles remove whatever moisture ma}" be entrained with the vapor. 
The latter is discharged into the main condenser or to a special distiller 
condenser so that a vacuum is always maintained in the chamber. Dis- 
charging the va])or into the main condenser 
unit is very uneconomical from i)urely a heat 
stand f)oi lit because the heat (jontent of the 
vapor above that of the main unit condensate 
is rejec.ied to the* circulating wat-er. The im- 
purities in the raw water are blown off when 
a certain degri^e of concentration is reached. 
The amount, of water evaporated is approxi- 
mately 1 pei‘ cenV of that circulated for each 
ten degrees t(an])erature depression. 

Example 66. — Raw water at a temperature 
of 208 (leg. fahr. is ] lumped into the chamber 
of a flash-type evaporator in which a viicuum 
of 24 in. (referred to .3()-in. barometer) is 
maintained. What percentage of the water circulated is hashed into 
vapor. 

Solution. — Temperature corresponding to 24-in. vacuum is 141 deg. 
fahr. Heat given up by each lb. of water due to t('mperature drop is 
208 — 141 = 07 H.t.u. LaUnit h(^at of stc^am at 141 deg. fahr. is 1012.6 
B.t.u. p(^r lb. Therefore, the wcught of water evaporated per lb. of cir- 
culating water will be (>7 -r- 1012.0 = O.OOt), or 0.0 per cent, (‘.orrespoiid- 
ing to approximate'! y one per cent for each 10 deg. t.c'iiiperature drop. 
Since the latent heat does not vary much with the temperature or pres- 
sures at pressures below atinosfdieric the same temperature depression 
would produce practically the sanu^ ])ercentage of flash irrespective of the 
actual initial t(uiipcrature. 

In the majority of evaporating plants the heating of the raw water is 
carried on in the evtaporating chamber and not in a separate heater. 
Figure 402 shows a section through a Lillie evaporator illustrating the 
film type of construction. The evap(n\ating chamber is partially filled 
with a nest of steam tubes which (constitute the heating elements. Raw 
water, the level of whi(h is maintained below the lowest row- of tubes so 
that they are at no time submerged, is taken by a centrifugal pump 
from the “ pumj) well,” discharged into the top of the shell and distributed 
over a perforated spray plate. F rom this plate it falls down over the tubes 
in a thin film, ]jart of it flashes into vapor and the rest drops to the bottom 
of the chamber. The water in the pump well jilus the re(iuircd makeup 
is circulated over and over again. Condensate from the steam tubes is 
pure distilled water (provided the steam lused for heating is free from 
impurities), and may be used as part of the feed supply. 

Figure 403 shows a section through a Reilly evaporator illustrating the 



Fig. 401. Single-effect Flash 
Evaporator (Elliott). 
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submerged-tube type. The heating clement is composed of a scries of 
helical coils connected to suitable manifold headers and completely sub- 
merged in the raw water. Steam enters the vapor manifold, passes 
downward through the coils to the lower manifolds, condenses, and is 
discharged as condensate from the coil drain. Raw watei' is fed into the 
chamber near the bottom of the shell at such a rate as to maintain a 
constant level. The vapor boiled off passes to the condenser in the usual 
manner. 

Example 67. — Calculate the amount of raw watei- evaporated per lb. 
of steam supplied in a (1) single-effect; (2) double-effect and (3) triple- 
effect evaporator of the submerged-tube type if the conditions are as fol- 
lows: Pressure of supply steam, 17 lb. abs., vac\mm in last effect 25.92 in. 
(referred to 29.92 barometer); temp, of raw water, 50 deg. fahr. Neglect 
all losses. 

Solution. — (Single-effect, Fig. 404.) 

From steam tallies, we find 

Steam SupjMcd Vapor Dmckarged 

Pressure, I b p(3r sq. in. alls. 17 4 (in. of mcreury) 

CorrespondiiiK tempera t lire, deg fahr 210 1 125 5 

Latent heat, B.t.u. per lb 905. G 1021.3 

Vapor 



Heat given up by 1 lb. of steam condensed in (^oils = 965.b B.t.u. 

Heat absorbed by 1 lb. of vapor leaving evaporator = 1021.3 + (125.5 
- 50) = 1096.8 B.t.u. 

Weight of raw water vaporized per lb. of steam supplied = 966.6 
1096.8 = 0.884 lb. 

Double-effect, Fig. 405. Assume the temperature drop between steam 
supply and the condenser to be equally divided between stages. Total 
drop = 219.4 — 125.5 = 93.9 deg.; drop in each effect = 93.9 2 = 46.95 

deg. Therefore, temperature of first effect = 219.4 — 46.95 = 172.45 
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deg., and that of second effect = 172.45 - 4().95 = 125.5. From steam 
tables: 


Steam Supplied First Effect Second Effect 

Pressure, in. alis 17 (U). por.s(|. in ) 01 4 

Tomp(‘r!itiirc', (1 (?k falir 1219. 4 172 45 125 5 

Latent heat, B.t u. per 11). . 9 () 5 .r) 994 1021.8 


Heat given nj) by 1 lb. of .st-am entering first stag(' = ()(i5.() B.t.u. 

Heat absorbed by vapor discharged into second stage = 994.3 + fl72 45 

— 50) = 11]().7 B.t.ii. 

Water evaporated from first effect = 9(55.0 ^ 1110.7 = 0.805 lb. 

Heat given np by vapor enfering coils of second effect = 994.3 B.t.n. 
per lb. 

Heat absorbed by vapor discharged into second stage = 1021.3 + (125 5 

- 50) = 1090.8. 



Fig. 406. 


Water evaporiited from second effi'ct per lb. of vapor .supplied to the 
coils = 994.3 1090.8 = 0.910 lb. 

Water evaporati'd from second effect per lb. of steam = 0.805 X 0.910 
= 0.792 lb. Total evaporation pin- lb. of steam = 0.805 + 0 792 = 
1.057 11). 



Triple Effect, Fig. 406. Proceed as for double effect, assuming that the 
temperature drop in each stage will be one-third of tlie total. The vari- 
ous calculated quantities are given in the illustration. 

Figure 407 shows the heat exchange in a single-effect evaporator system 
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various tube passages by an induced-draft fan or, (xjcasionally, by stack 
draft. Feedwater is forec^d into the (jconoinizer through Ihe lower branch 
pii:)e neartnst the point of (‘xil of gases, and eniergc's Ihiough the upper 
branch nearest the i)()int at wliicli Uk^ gases ent(U‘. hjacli tu))e is encircled 
with a set of tri])le (jverlaiipiiig scrapers vvdiich travc'l continuously up and 
down the tubes at a slow rate of speed, the ol)ject being to keej) the ex- 


ternal surfaces free from soot, and 



Fig. 409. B. ^ \\. TrjinKsverso-tiil)0 
Economizer, Galumcl Station. 


fine ash (lej)osit. Th(‘- me(;hanism for 
working tlit‘ scrap(‘rs is ]:)laced on 
toj) of the e(‘ononiizer, outside the 
chanil)er, and the ])ow(u- is suiiplied 
either l)y a belt, from some convenient 
shaft or b^^ a small independent en- 
giiK' or ,n)otor. The ])ower for oper- 
ating the g('aring varies from 1/2 
t.o 1 hp. i)er 1000 s(}. ft. of (‘cono- 
mizer surface, de])ending upon the 
number and length of tubes. The 
apparatus is fitted with blow-off 
and safety valves, a, ml a space is 
provided at the bottom of the 
chamber foi* colhading th(‘ soot. In 
somf‘ designs, the outei’ surface of 
the tubes is cleaned by steam jet 
blowei’s similar to soot blowers, and, 
in others wat('r s[)rays are us(al for 
flushing a. way th(' dejM)sits. Soot 
accumulations may be ni(‘chanically 
removed fiom the l)ottom of the 
chamber, as shown in the illus- 
tration, or by means of vacuum 
systems. 


Figure 400 shows an assembly of a Babcoth & Wilcox transverse tube, 
and Fig. 410 a similar view of a Babcock & Wilcox transverse counterflow 
economizer, illustiating the modern steel-tube typo. The unit illustrated 
in Fig. 409 is composed of a number of B. & W. "sections similar in design 
to those of the boilei'. It is placed above the boiler and arranged with the 
tubes transversc'ly to the boiler tubes, thus giving a single pfiss over the 
economizer surface. A number of sections are placed side by side, the 
feedwater being forced tluough eacli in series, thereby approximating 
counterflow. This design may be constructed with either 4-in. or 2-in. 
tubes. The economizei’ shown in I'^ig. 410 differs from the one just de- 
scribed in that forged-steel square boxes are used instead of the standard 
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B. & W. sections. A single row of tubes from the bottom box on one side 
of the economizer jmsses to a corresponding box on tlie other side. From 
the latter a second row of tubes passes to the second box on the feed inlet 



side, and in this manner the water passes throughout the whole economizer 
from bottom to lop. The gases flow from top to bottom, giving a true 
coiinterflow. Placing 
th(^ (uronomizer [it the 
back of the boiler of- 
fers a very comi^act 
arrangement of boiler 
and economizer and 
allf)ws the induced- 
draft fan apparaUis 
to be located cither 

on the boiler loom Fio. 411. Foster Econoinizer Elcnriciit. 

floor or in the base- 
ment. Steel-tube economizers are usually eciuippc'd with steam jet blowers 
for soot removal. 

Figure 411 gives the general details of a Foster economizer, which is in 
a measure similar to the Foster superheater. The heating surface is com- 
posed of a number of 2-in. steel tubes expanded into cast-steel return 
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headers, and fitted on the outside with a series of cast-iron gilled rings. 
The lower and upi)er banks of tubes arc expanded into forged steel mani- 
folds, as indicated. The elements are always placed horizontally, the 
gases passing directly across the tubes and the water ])assing in series 
through each bank, thus giving a true counter-current effect. The steel 



Fkj. -112. Foster Economizer and Air Heater Iiistallation, 
Northeast Station. 


tubes permit of high pressures, and the east-iron enveloiies insure resistance 
against external corrosion. The extended surface also inci-eases the heat 
transmission. The jioints between the cast-iron rings are so tight that 
no water can reach the outer surface of the stc(d tubes when soot is removed 
by washing, which is the method adopted for cleaning. 

Figure 412 shows a diagrammatic arrangement of the Heine “ Type 
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S boiler equipment at the Northeast Station of the Kansas City Power 
and Ligjht Co. This is one of the first large central stations to adopt an 
air heater in conjunction with an economizer. 

Figure 413 shows a se(‘tion llnoiigh one of the 25,000 sq. ft. Baden- 
hausen boilers, as installed in the Highland Park Plant of the Ford Motor 
Co., illustrating an economizer element integral with the boiler. Feed- 
water enters drum 0, flows down the rear bank and enters the forward 
bank of tubes connecting drums 5 
and 6. The economizer element 
is baffled so that the gases aie 
forced to travel down the fiont 
and up the rear bank of tubes. 

The resulting difference in tem- 
perature creates a positive vir- 
culation of the water in the 
economizer clement. The ad- 
vantages claimed for the boiler 
with integral type of e(;onomizer 
or preheater boiler are: (1) it is in 
the same setting as the boiler; (2) 
it requires no by-passed i)re(;ch- 
ing; (3) it necessitates no addi- 
tional overhead structure or rear 
space; (4) it has at least 5 j)er 
cent higher efficiency than any 
boiler without the ]n(di(^ater; and 
(5) the first cost of a ])j’operly proportioned boiler with preheater is no 
greater than that of a standard boiler of equivalent capacity. 

262. Temperature Rise in Economizers. — The heat transfer in an 
economizer follows the same basic law as the heat transmission through 
any heating surface, viz: 

SUd = WiCi {I - ^o), (245) 

= {k - h), (246) 

in which 

S = total heating surface, sq. ft., 

U = mean coefficient of heat transmission, B.t.u. per hr. per sq. 

fi per deg. mean temperature difference, 
d = mean temperature difference between the two fluids, deg. 
fahr., 

Wi ajid W 2 = weights, respectively, of the fluid to be heated and the 
flue gas, 



Fic.. 413. Hadorihiiuson R()il(>r with 
ProhoMtcT El(‘iru‘iit. 
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Cl and C 2 = mean specific heats respectively of the fluid to be heated 
and the flue gas, 

^0 and i = initial and final temperature of the fluid to be heated, deg. 
fahr., 

h and h = initial and final temperature of the flue gas, deg. fahr. 


By an analysis similar to that developed in paragraph 242, it may be 
shown that for either parallel flow or counterflow 

d = (f, - if) - log, (U/ij) (247) 


in which 

tf = initial and final temperature difference l)etween the two fluids. 

Arithmetic mean temperature dilTerencq, r/„i = (fi + ^ 2)/2 — (/. + to)/2. 
By combining equations (245) to (247) and reducing (see Siifley .Journal, 
Jan., 1916, p. 129), we have as an expression for the temperature rise in 
the fluid for parallel flow 

X = (/, - to) - (j"^^ + A’) (248) 


in which 

X = temperature rise in the fluid, deg. fahr., 

n = Su\n - l)/2,3iei 

Other notations as pi eviously designated. 

Example 68. — Calculate the final feedwater and flue-gas temperature 
for a cast-iron economizer installation operating under the following con- 
ditions: Boiler heating surfacje 12,000 
sq. ft.; economizer surface 7500 sq. 
ft.; initial feedwater tem])erature 100 
deg. fahr. and initial flue-gas tempera- 
ture 050 deg. fahr. when the boiler is 
operating at 100 per cent above stand- 
!ird rating; coal used, Illinois screenings, 

Fig. 414. (Counter-Current l''low. Solution. - It has liei'ii shown (para- 

graph 44) that the the()i eli(‘-al weight of 
air per lb. of any coal is approximately 7.5 lb. per 10,000 B.t.u. There- 
fore for the coal specified, 

1.14 X 7.5 = 8.55 lb. = theoretical air requirements per lb. of coal. 

Assuming an air excess of 50 per cent at maximum load and allowing 
15 per cent for ash, the probable actual weight of flue gas per lb. of coal 
= 1.5 X 8.55 + 0.85 = 13.7 lb., or in round numbers 14 lb. 

Since the evaporation at rating is equivalent to 3.45 lb. from and at 
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212 deg. per sq. ft. heating snrfaee per hr., at 100 j)er cent overload the 
total weight of water, Wj fed to Ihe boiler is 

w = 2 X 12,000 X 3.45 - 82,800 lb. per hr. 


Assuming an overall efficiency of 75 ]iei* cent, the weight of coal required 

IS 


970.4 X 82,800 , 

11.400 XOTir 


The total weight of flue gas, 11 % is 

W 2 = 9400 X 14 = 131,000 lb. ])er hr. 


Assume the m(»an specific heat of tin' wat(‘r to be unity and that of the 
flue gas to be 0.25. 

Assume U = 4.25, which is an average value for a (‘ast-iion economizer 
with initial flue-gas ten ijxn-at fire of 050 deg. fahr. Substituting these 
values ill equation (248) 


^ _8;2,80£X JL_ 

iv2(‘2 131,000 X ().25 


n = 

X = 


SU{N - 1) 


2.3 


h - U 


N - 1 
10” - 1 


+ N 


7500 X 4.25 (2.52 - 


2.3 X 82,800 
()50 - 100 


2.52 - I 

J00 2M _ I 


+ 2.52 


= ().2rA. 

120 (leg. fahr. 


Since^ X = t — /o, the final temperature of the fe(‘dwater is 
i = ms + 100 = 220 deg. falii’. 

The heat absorlxHl by the feedwater must be ecpuil to that given up by 
the flue gas, or 

w\Cv {t — fo) = (/2 ~ 0, (249) 

from which 

(ii — h)/(t — fo) = WiCi/w2C2 = i\. (250) 

Substituting the known quantities 
in equation (250) 

(050 - f,)/(220 - 100) - 2.52 
or 

ti = 332.5 deg. fahr. = final tem- 
perature of the flue gas. 

For parallel flow, as in Fig. 415, 
the final flue-gas temperature may 
be calculated from the following fommla which was deduced from equa- 
tions (245) to (247). 



I— I l-J 1— J 1— J I L-L-l- 

Fin. 415. Parallcl-C'urrent Flo’ 


= (k — «/5) -4- c”* + a/h 


( 251 ) 
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in which 

a = WiCit2lw2C2 + to 
h = w^c^l'WiOi + 1 

m = bSU/w2C2 

Other notations as previously designated. 

In view of the iineertaint-y in pratdiec of many of the factors entering 
into the prececling analysis, it is siiffi(;iently aecuratc^ for most purposes 
to take the algebraic m(*an value r)f d instead of the logarithmic value. 
This greatly simplifies the calculations. In using the algebiaic mean 
temperature difference, the cor re ponding value of U must be taken and 
not that based on logarithmic; temperature dificrence. 

!26t3. Factors Determining Installation Economizers. — The general 
conclusion drawn from current practice is that an (M^oTiomiKcr installation 
results in : 

(1) A saving in fuel ranging from 7 to 20 per cent. 

(2) Overall boiler, supcrh(;ater and ecoiiomizcu efficicauaes ranging from 

80 to 93%. (91.0% overall efficiency has been obtained at the Lakeside 

plant and 93% is expected at the new Kichmoiid Station.) 

(3) A substantial overall gain in heat economy whea-e the boilers are 
operated with high flue-gas tempe^ratures. 

(4) Maximum overall heat economy when th(^ boilers are forced far 
above their rating and the auxiliaries are electrically driven, and pure 
feedwater is available. This is true only for the conventional type of 
turbine or engine. If the feedwater is h(‘ated by bleeding the prime 
mover, the value of the economizer becojnes less as the temperature of the 
feedwater is increased. 

(5) Decreased wear and tear on the boilers due to the high feedwater 
temperature. 

(6) A large storage of hot water for sudden peak demands. 

Against these advantages may be cited: 

(1) Increased first cost and maintenance of economizer elements. 

(2) Increased power requirements of induced-draft fan. 

(3) Treatment of feedwater to prevent internal corrosion. 

(4) Extra space requirements for economizer equipment. 

In the large modern central station, where the steam pressures are very 
high and boilers are operated continuously at heavy ratings and the fuel 
is costly, feedwater economizers have definitely proven their worth, 
except, perhaps, where the feedwater is heated to a high temperature by 
stage bleeding. The tendency in the latter situation is to reclaim the 
waste heat from the flue gases by means of air preheaters. 
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Some of the more important factors to be considered before installing 
a feedwater economizer arc ; 

(1) Cod of Fud. — The higher the cost of fuel the greater will be the 
returns. By ec plating th(' thei nial gain against fii st cost and maintenance 
at various loads, the net e(‘onomic gain may be estimated. In the small 
plant with variable loads, the n(‘t thermal gain is usually offset by the 
additional fixed charges and maintenance costs. 

(2) Tempfrature of the Flue (ros. — Since the ])rimary object of an 
economizer is the utilization of the heat reji'cted to the chimney, it stands 
to reason that the value of an economizer installation increases with the 
temi)eratui‘e of the flue gases. In the modern high-])i(\ssure boiler for 
central stations, attem])t is no longer made to reduce the gases to the 
lowest point p()ssi])le with little regard for the amount of boiler surface 
requii’ed to effect this result. On the (lontrary, the present idea is to 
design the boiler so that all of th(^ surface will be subjected to a much 
higher temperature difference and t hereby increase t he rate of heat trans- 
fer. This necessitates the gases leaving the boiler at from 50 to 100 deg. 


TAHLE S4 


TESTS OE I'OSTEH ECONOMIZKIIS 


A. Delray Stalu))t, Delfoil Edison Co. 

Heating surface of Class Sin ling Boiler 
Heating surface of C4ass W57 Stirling Boiler. 

Healing surface of B. tV: W. Suiuu'lieater, large boiler . . 
H(‘ating surfa(;(' of B Ar \V. SuperhoatcM*, small boiler 

Heating surface of Foster Economizer 

Ratio of economizer heating surface to that of boilers. . 


2;i,654 sq. ft. 
12,054 sq. ft. 
2,217 sq. ft. 
1,52S sq. ft. 
18,800 sq. ft. 

52 0 per cent 


Duto 


Vpr 

JO 

Apr 

Apr 

19 

Apr. 

10 

Apr. 

17 

Duration. 

hr. 

2 

3 

3 

3 

3 

Power developed by unit 

boder hp. 

ns,')!) 

5780 

5867 

6955 

6978 

Percentage of rated capacity. . . . 

per c(‘nt 

108 

162 

164 

194 

196 

Steam pressure by gage 

lb ]K‘r sij. in 

210 

212 

212 

213 

215 

Superheat. . . 

deg. fahi . 

147 

171 

156 

169 

185 

(las temperature at. economizer inlet. 

(h‘g f.ahr. 

500 

503 

566 

566 

631 

Gas temperature at (‘conomizer outlet 

d(‘g. fahi. 

270 

313 

301 

296 

337 

Gas tempiirature droj) through econo- 
mizer . . • 

deg. fahr. 

230 

250 

265 

270 

294 

Water temperature at economizer 
inlet. . . 

deg fahr. 

205 

201 

206 

193 

194 

Water tempcjrat unj at economizer 
outlet. 

deg fahr. 

272 

273 

283 

282 

296 

Water temperature rise in economizer 

deg. fahr. 

67 

72 

77 

89 

102 

Draft in flue leaving economizer 

in. w. g. 

2 18 

3 66 

4.16 

5 35 

5.31 

Draft in flue entering economizer . . 

in. w. g. 

00 

07 

82 

.97 

.81 

Draft loss through economizer 

ill. w g. 

1 58 

2.99 

3.34 

4.38 

4 50 

Fuel saving (‘fifected by economizer. 

per cent 

6.03 

0 39 

6.90 

7.85 

8.93 
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B. Hivvrsulv Station, Munitiixil (las Co,^ Alhanij^ N. Y. 


surface of sjn'caal walcr-l ulx' boiler 
HoatiiiK surface of J'\)slA‘r lladiant Heat Superlu‘iiter 
Ileal lilt; surface of Fostei Economizer 
Grate surfac(‘ of sl.oker 

Ratio of ecoiioiiiiz(‘r healiiit; siirlace lo that of lioiU'r 


G<S77 sq. ft 
(in 2 s(p ft, 
r)So() sq. ft. 

105 sq. ft. 
S5. 1 per cent 


Bute 

JOJl 

Juh 27 

llI^. 0 

.Tuly 28 

July 2 

Duration 

hr. 

G 

t) 

0 

GO 

Power developed bv unit 

boiler hp. 

S05 

1)35 

1010 

1201 

Percentage of rated capacitv 

jjei cent 

117 

13() 

148 

175 

Steam pressure by gage* 

lb ]K‘r s(i. in. 

2(K) 

202 

201 

202 

Superheat 

Gas temperature at, ecoiioiniztu 

deg. fahr 

ISS 

121) 

114 

137 






inlet 

deg. fahr. 

5S2 

GG3 

04G 

697 

Gas temperatur(‘ a.t, ('(‘onoiiiiziu- 






outlet 

deg fahr 

2IS 

270 

250 

2G7 

Gas temperature droj) (lirougli 






eeonomizt'r. . 

di‘g. fahr. 

:m 

3‘)3 

300 

480 

Water temp(*rat un^ at, eeouomizei 






inlet 

1 deg la.hr. 

1 2i:i ' 

213 

212 

212 

Water temperature at economizer 






outlet . 

deg. fahr. 

[m 

3-)t’) 

354 

358 

Water teiniierat ure list* in econo- 






mizer. . . 

deg fahr. 

121 

143 

112 

146 

Draft in flue leuving econoiniztM- 

in. w. g. 

r>t) 

1 20 

1 20 

1.50 

Draft in due entering (‘cononiiziu* 

in. w. g. 

+ 05 

- 07 

4 01 

- 19 

Draft loss through economizcu' 

in. w g 

55 

1 13 

1 21 

1 31 

Fuel .saving effect (*,d by econo- 






mizer 

]>er cent 

10 78 

13 OS 

13 09 

13 30 


higher than formerly. TIk^ gases are then reduced to 200 to 300 deg. by 
the economizer. The amount of economizer surface ranges from 60 to 
100 per cent of the boiler heating surface, depending ujk)ti the method 
of establishing the heat balance. 

(3) Tem'perature of the Feedwater. — The waltu* entering the economizer 
should have a temperature at least equal to that corresponding to the dew 
point of the gases, to prevent external corrosion, and in case th(! water 
is not deaerated the temperature should not be less than 180 deg., to 
prevent internal corrosion. With i)roperly d(jgasifit‘d water, inlet tem- 
peratures as low as 120 deg. fahr. have worked out satisfactorily, but the 
exact temperatuie is dictated by the station heat balance. 

(4) Presisure Drop through Economizer. — For high rate of heat trans- 
ference, the gases should flow through the economizer at high velocities; 
but, as the pressure droi^ increases apjiroximately as the square of the 
velocity, the gain in heat transfer is at the expense of increased power 
requirements for the fan. The pressure drop varies widely with the design 
of economizer and the temperature of the gases, but an average value is 
0.5 in. of water at 20 ft. per sec. to 3 in. at 50 ft. per sec. The mean 
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coefficient of heat transfer varies with the weight of gas flowing per hr., 
the mean temperature difference j-. 

between the gas and that of the _ 

^ ^ goo — — — 

water, the composition of the 

gas, cleanliness o f the tu bes, im d -i 1 — 

” - rnn G^lSL^s nK" ^ « 

design of economizer, ana g ag 

ranges from 2 to 7 B.t.u. per 

hr. per sq. ft. per deg. fahv. 1 400 1 S o 

8 ^ - — «» d 

difference 111 temperature. The aco 

curves in Figs . 410 and 417 ^ ^^ZZ Z Z _ 1 Z v* - " >k a, ^ ^ ^ ” 
give the results of a series of «« - - ^ - 

tests conducted on the 4800 sq. nH 

ft. Foster steel-tube economizer wuL-i Eljt.'n. « “ 0 

— — — F'l ] f — 

installed in the 0805 sq. ft. 150 - ^ 

Stirling boiler at the Seven- 100 S 

tieth St. plant of the (fleveland 35 ^ iriL"~Z~r 

Elec. Til. Co. and give some ^fc$>5L‘'iZZ Z ^Z^Z^ 

idea of the various factors in- 

volved 111 the perlonnancc ot ^ 2 

the economizer. || 2 oo -- "ZZZZr— "^'^r^ZZZZZ 

(5) Purity of the Feedwater. — g 1 160 

With hard feedwater, the forma- loo — 

tion of scale within the tubes 1_ T lliiiTJasi' iiZwateriVempTl [ | 1 

W ^ r-f 

may seriously affect the efli- i j . 1 J ..±. i i -lu i i J J 

ciency of heat transmission, and ?SK«ting 

.PI • Fig. 410. Performance of tester Steel-tube 

the cost of cleaniiiK may )ji-ovo Kcoi.ortuiicr. 

excessive. Internal corrosion 

may also be c-aused [)y dissolvi'd gases in the h'cdwator. 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ (fl) Minim am Temperature of the 

7 _BoL,i 2 . 7 S]|sq,L_ | Flw'Gus. — Tli(^ fliie-gas temperature 

•g g EioZmlzcT.^ThO s^q*F^ I I I should not be loweied j)(4c)w the dew 

Is ^ point, sinc(i the condensation of the 

^ ^ ^ _ I _ vapor coni ('lit may cause the soot 

I to adhere to tlu' lubes and render 

^ ^ , its removal a costly ]:)roblem. An 

10 20 ao 40 60 avci‘age miniiiiuin is 240 di^g. fahr. 

Gaa Velocity, Ft. per Sec. ^ 

„ ..rr 1 n TTi With coals high in sulphur content, 

Fig. 417. Influcncp of (ias Vcloritv on , ^ i ■ -I 

Coefficient of Heat Transfer. ' <he mmstiife forms sullthuric. acid 

which corrodes the tubes. 


Fig. 410. 


160 200 260 
Boiler Output, % Kuting 

IVrforrnance of Foster Steel-tube 
FconomiztT. 


_Boilor, 12,7S]| Sq, Ft._ ] 

) SupurhcBter, iUtiU Sq Ft. 
; g Etunomlz cr, 7 750 Sq Ft. 

, Uiuli3rri.'eil Stuker I I 


q- 10 20 ao 40 

Gas Velocity, IH. per Sec. 


Fig. 417. Influcncp of (ias Velocity on 
Coefficient of Heat Transta. 


(7) Increased Capacity Due to the Additional Heating Surface. 

(8) Cost of Additional Building Space. 

(9) Cost of Producing the Draft, — For chimney draft, this means cost 
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of the extra hcif^bt of stack necessary to overcome the loss in draft. This 
may from 20 to 40 poi' cent of the total (*f)st of the chimney. In 

the mo(l(‘rn mechanical draft, installation, the power required to operate 
the fans ranf!:(\s from 1 per cent, to 4 per cent of the main p;eTierator output. 

(10) First Cost. — See ('hapter XIX. 

(11) Boiler Pressure. — Cast-iron superheaters are used for working 
pressures as high as lOO Ih. j)er s(\. in., hut the cost increases rapidly with 
increase in ])ressure al)ov(' 200 lb. per sep in. All modern superheaters 
for pressures varying from liOO to 1200 lb. per s(p in. are of steel-tube con- 
struction. 

204. Flue-Kas Combustion-air Heaters. — INIany of the latest power 
])lant installations includr* combustion air h(‘aters, or air preheaters. Their 
value for increasing power plant efficiency has lieen demonstrated and 
they have couk' to take an important part in the steam power station. 
There are three tv])('s of air ])reheat(;rs in American ]uactice: (1) plate, 
(2) tubular, and (;J) regenerative. The plate-type heater consists of a steel 

casing in which are 
('ontained a number of 
sh(‘ct-iron envelopes 
as shown in Tig. 418, 
the flue gas and air 
passing through alter- 
nate (mv(do])os in op- 
j)osit(' directions. In 
the tubular type the 
air is passed (‘ounter- 
current ly over the out- 
side of tubular ele- 
ments and the flue 
gas is exhaus;ted 
through them. The 
regenerative type con- 
sists of a rotating ele- 
ment _ which alter- 
nat(dy absorbs heat 
from the flue gas and 
transfers it to the air. 4die ( 'ombustion ICngincering Corjwation heater 
is a well-known examjde of the ])late type, the Babcock & Wilcox heater 
of the tubular type, and the Ljungstroin of the regenerative type. The 
mean (;oeflici('nt of heat transfer in all types of air preheater is low, ranging 
from 1 to 4 B.t.u. jier sep ft. per deg. fahr. temperature difference. 



Fic. 4 IS, Air Prcho:il,cr ronibiistion l’Jiji,iiicorinp: 
( \)r])()r:ii ion. 
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The curves in Fig. 58 give the j)erforinan(‘e of Boiler No. 9 ut the Colfax 
Station of the Duciuesiie Light Co., as i)resenle(l by C. W. K. Clarke 
Power Engineer of the llwight P. Kolanson C'o., before the Dee., 1923, 
meeting of the A.S.M.E., and serve to illustrate the results obtained for a 
specific set of conditions. The present indications are that air i)reheaters 
will be used extensively when' the fec'dwater is rais(‘d to a high tempera- 
ture by bleeding the main turbine. See also i)aragraph 50. 

Premd Status of Air J^rduaters. Power, Marcli 31, 1020, ji. iSli. 

Air Preheaters and Their A pptleation- Pc)\M‘r, Dec. 2. 1021, ]). SSI. 

Types of Air Preheaters. Power Plant Eiigrg., 15, 1025, p. 040. 

365. Heat Balance. — The heat, 1 valance in stc^ain i^ower plants has been 
defined as “ that correlation ii events in the heat cycle of the plant as a 
whole which adjusts the rate of steam generation to tlu' demand with the 
least possible waste of ht'at and at Uh' k'ast possible expenditure of fuel.” 
Obviously, everything that has to do with the generation or absorption 
of heat is a factor in the heat l)alance, but in general sense the principal 
factor is the means employed h)r heating lh(' fec'dwater. Then; are so 
many possible combinations of ])riine movers, auxiliaiies, and heaters in 
establishing a heat balance that it. is futile to attemid, to t'over the subject 
in a book of this general natuie and only a few of the rnojc commonly used 
systems will l)e briefly desciibed. Among the latter may t)e mentioned: 

1. Steam-dnvvfi auxiliartvs unvd rnthrlij, ('jrlKiudiny i/do open feedwater 
heaters. — This system of feedwater hi'ating was ])ractically univeivsal in 
all steam plants of a decade' or more ago. ]'\)r small plants with low load 
factors where thejc is no excess of (‘xhaust st(‘am ov(;r and above that 
required to heat the feedwater to 212 deg. fahr., t his is i)erhaps the simplest 
and cheapest systc'in. 'Die two main objections to this system in ordinary 
practice arc: (1) it is difficult, if not. im])ossible, to maintain a heat balance 
under all load conditions; and (2) th(' heat energy of the steam available 
for work can lx; only partly utilized in small plants. It has bec'/i shown 
in paragraph 181 that, vhen exhaust st(;am is used for heating tfie feed- 
water, a kw-hi\ is produced by that steam Ix'foi i' ('xhaust at an expenditure 
of approximately 4000 B.t .u., or about one-third as much as with a highly 
efficient turbine-driven generator exhausting against a back pressure of 
1 in. of mer(;ury. Tt is obvious that the production of this ch(;ap power 
is limited in amount liy the ability of the feedwater to alisorb the exhaust 
steam produced. 

2. Mixed steam and electrically-drivcn auxiliaries. — In the majority of 

^ Mech. Engrg., Feb., 1924, p. 64. 




Fig. 419. Heat Balance at Most Economical Load. Delaware Station. 
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medium-sized plants and in a nunil^er of our modern central stations, part 
of the auxiliaries are inotor-diiven and part steam-driven, the motors 
taking current from the main generator. The division is such that a 
proper selection of each type of di'ive can be made at diiYcrent loads to 
obtain a satisfactory heat balaiuo. 

For a detailed analysis of tlu‘ heat balance for a large station of this 
class, consult “ Auxiliary System and Heat Balance at the Delaware 
Station of the Philadelphia Electric, Co.,” Trans. A.S.M.E., Vol. d3, 1921, 
p. 475. Figure 419 gives the heat balaiuje of this station at the most 
economical load. 

3. The house, or auxiliarif, tiirhiue system. — Tn this system the feed- 
water is heated by the exhaust from a small turbo-geneT-ator designated 
as the house turbine. The current generated is used to opei'ate all or 
part of the electrically-driven auxiliaries and for other house service. 



Fi(_;. 420. House Turbine at Connors C-rcek Station. 


The turbine exhausts into an open condenser, the circulating water for 
which is the feedwater. This condenser is, therefoie, the equivalent of 
an open heater in which the exhaust from the house turbine (and other 
steam-driven auxiliaries, if any) mixes with and heats the condensate 
from the main units. This system is used in a number of larger central 
stations. It has the advantage, over the other systcans, of providing a 
simple method of degasification without tlui addition of deaerating or 
deactivating equipment. House turbines are installed 

(a) in conjunction with other steam-driven auxiliaries or a combination 
of steam and electrically-driven auxiliaries. The Connors Creek Station 
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of the Detroit Edison Co. is an example of this system, a diagrammatic 
arraiigenicnt of which is illustratx'd in Fig. 420. For a detailed analysis 
of the heat balance in thivS station, consult Trans. A.S.M.E.^ Vol. 43, 
1921, ]). r)0(). Omsult also, “ Heat Balance at CV)lfax,^’ Trans. A.S.M.E., 
Vol. 43, 1921, p. 487. 

(h) in conjunction with ele(47‘ic,ally-dj-iven auxiliaiies operated with 
current from the house tinlnne or the main unit, oi' with the supply divided 
between the house turbine and main unit. This system is adopted at 
the Hell Cat(i Station of th(i UnitcHl Electric; Light and Power C^o. P'or 
an analysis of the heat balance of this plant, consult Trans. A.S.M.E., 
Vol. 43, p. 495. 

(c) same as (/>) except that, dc'ficiency in house turbine exhaust is made 
up by bleeding from the lower stages of the main turbine units. This 
system is adopted at the Hudson Avc. Station of the Brooklyn Edison ('o. 


A a 
S 3 

m to V* 



4 . Auxiliaries all electncally (hiven and the feedwater heated by bleeding 
steam from intermediate stages of the main turbine. — This is now accepted 
as the most ethenent method for largo central stations. The main unit is 
the most efficient user of steam; therefore', the inost convenient method of 
obtaining the maximum electrical outi)iit for a given amount of exhaust 
steam is by bleediiig it at one or more stages. The advantage of bleeding 
in stages instead of all at one point follows from the fact that the steam 
used for heating the condensate at the lowest temperature can do more 
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work in the turbine than if all steam were bled at a hio;her point. Bleed- 
ing steam from intermediate stages also has the advantage of relieving 
congestion in the lower stages of the machine. Some idea of the economy 
of bleeding the main turbine may l)e gained from tlie following approxi- 
mate values: 1 kw-hr. will be ])roduced for every 14 lb. bled at lot) deg. 
fahr. from a large modern unit as against 20 lb. with a house turbine 



exha\isting at the sanu' 1('nii)erature; I kw-hr. will be pioducc'd for every 
17 lb. bled from tin' main unit at 210 deg. fahr. as against 24 lb. with a 
house turbine, and 10 lb. with the ordinary tyi)e of good auxiliary turbine 
exhausting at the same temperature. The wat(*r rat-t‘, neglecting leakage 
and heat losses, for any other temperature juay be approximated by divid- 
ing 3415 by the heat etpiivalent of the theoretical work done in expanding 
adiabatically from tlu' given initial conditions to lh(' lemperatun' of the 
feedwater and dividing the result by the Ibuikine-cyck' ratio, thus: For 
340 lb. abs., 200 deg. sui)erheat, 120 deg. fjihr. hu'dAvatei- temperature, 
and Rankine-cycie ratio «f 0.68, the theoretical work done per lb. is 
1323 — 862 = 461 B.t.u, and the actual water rate i)er kw-hr. = 3415 -j- 
(461 X 0.68) = 10. i) lb. Leakage and luait losses will probably bring this 
up to 11 or 11.2 lb. 

For any set of conditions there exists a definite feedwater tem])eratiire 
at which the efficiency of power generation is a maximum. This is shown 
by the curves in Fig. 423, which give the theoretical values obtained 
from steam extracted at a single stage and subsequently used for heating 
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feedwater. This curve is based on 340 lb. abs. initial pressure with 200 
deg. fahr. superheat and (londensate temperature of 79 deg. fahr. The 
woi'k (lone for, say, th(i j)()int 300 deg. is calculated as follows: Heat 
content of 1 llx of steam at 340 lb. abs. and 200 cleg. su])erhcat is 1323 
B.t.u. Heat content aft(M‘ adiabatic expansion to 300 deg. fahr. is 1170. 
Work done by 1 lb. of steam = 1323 — 1170 = 153 B.t.u. Net heat 



content of the exhaust above 300 deg. is 1 170 - 270 = 900 B.t.u. per lb. 
Pounds of exhaust, steam nHjuircHl to h(‘at 1 lb. of feedwatej* from 79 to 
300 deg. fahr. = (270 — 47) -r- 900 = 0.248. Work done by 1 lb. of 
exhaust })er lb. of f(M‘dwat('r = 0.248 X 153 = 37.0 B.t.u. From the 
curves it is apj)arent that the ])est results are obtained theoretically for 
a feedwater temixnature of approximately 250 deg. fahr. with a (conden- 
sation of al)out, 19 i^er cent of the steam entering the turbine. These 
curves are bas('d on a 100 jjer cent Bankine-ccycle ratio and no leakage or 
heat losses. By considering the Rankine-(cyclc ratio at each back pres- 
sure and including the heat and leakage losses, the ju'obable actual tem- 
perature cuiv(' may be readily drawn. Complications in piping and 
(Control, and the fact that no steam auxiliaries are available in case of ex- 
treme cinei-gency, are factors which may render this system undesirable 
in the smaller plants. 

5. Combinations of 1 to 4 with economizers, air heaters oi- both. Among 
the large stations using the house turbine in coniu'ction with stage-bleed- 
ing and economizers may be mentioned the Weymouth Station of the 
Edison El. 111. Co. of Boston, Northeast Station of the Kansas C^ity Power 
C'o., and the new’ units at Colfax. 

In some of the latest installations, for example, the Edgar Station of 
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the Boston Edison Co., the auxiliaries are all motor-driven and the cur- 
rent is supplied 1)}^ an auxiliary {generator coui)le(l dircndly to the main 
generator shaft. This makes each unit practically self-contaiiuMl without 
taking auxiliary })owcr from the main ])us))ars. Tlu‘ auxiliary gciKuator 
does not increase^ the electrical (‘onij)lications of the station, and the 
electric drives eliminate the auxiliary steam j)iping. 

The various calculations in drawing ii]) a heat halaiiei' differ in no way 
from those ahcxidy shown in conne(‘tion with condenscas and hx'dwater 
heaters. The calculations in thems(dv(\s are very sim])le hut considerable 
judgment must be excaciscal in estimating the various (quantities entering 
into the heat exchange. Thus, the' value of the heat balance dc]K'nds 
upon the ac.caiiacy attained in (estimating (1) th(‘, water rat(*s of the ])i’ime 
movers and auxiliaries at diflei'cnt loads, ('2) c,()efli(*i(‘nts of heat transfer 
in (‘l(3sed heaters and condensers of whatevc'r ty])e, (15) teinperature de- 
prcwssion between c-ondensate and va])or entering the lieah'r oi condenser. 
(4) heat losses to the surroundings and (5) in drii)s. The usual ])r()cedure 
is to begin with the assuiiHal cojiditions of th(‘ steam at tlu' boiler nozzh; 
and trace its jiath through the main unit, auxiliaries, h(xi1(‘rs, [iiid condens- 
ers, calculating the heat (\\chang(^ as it. i)asses through each piece of 
apparatus. At the same time the i)ath of th(^ coiKkuisaie and makeup is 
followed from its source to the boiler. A complete mathematical treatise 
of a numbei* of heat balances will be found in the following papers pre- 
sented before the American Society of M(‘cJianical hkrgineers. 

Feed Hmlingfor Hu)h Thermal EJffacnrn llolmidiir, d'miis. A S.M.K., V(j1. 44, 1922. 

Economy Charncieri.dirs of Stage Feedwater Heating by Extra, (tunr t]. 11. Hrowii and 
M. K. Drewrv, Trans. A.S M.K., Vol. la, 192)1. 

Reheating in Central Stations: W. J. WohUaibrrg, Trims A.S M.E., Vol. 45, 1923. 

High Pressure, Reheating, and Regenerating for Steam Power Plants: C. F. Ilirshfcld 
and F. O. ]':ilonwood. Trans A.S.Ai.F., Vol'. 45, 1923. 

Power Station Heat Balanec T’rinu' Movcts (’oni. N.KL A , 1923, Part A, ]). 51. 

Heat Dalanee — Devon Station Powrr, Aia. 29, 1921, p. (171. 

Relation of Auxiliarij Drives to Heal Balance: Power, Dec. (>, 1921, ]). SS8. 

Heat Balance at Colfax: () W. Flarkc, Trans. ,\.S.M F., Aol 43, p 4K7. 

Heat Balance at Delaicari Station: E L. llojan^^, Trans A.S.Al.PJ., VoL 43, p. 481. 

Heat Balance of Connors Creek Plant: Ck H. Berry and F. E. Moreton, Trans. 
A.S.M.E., Vol. 43, p. 500. 

PROBLEMS 

1 . Determine the amount of .soda a.sh and lime noces.sary to .soften 10,000 gall on.s 
of water as qier analysis. Col. 2, Table 73. 

2 . In a ccirtain plant it costs 30 cents per 1000 lb. to evaporate water from feed 
temperature of 60 deg. to steam at 115 lb abs. and 50 tl(‘g supt'Theal.; required the 
saving in per cent if the feedwater i.s heated by (;xhaust steam to 210 deg. fahr. 

3 . A 2000-kw. turbo-generator plant uses 18 lb. steam per kw-hr., initial pressure 
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HO 11). l)U(‘k ])r(;.s.siiro o in. supcTheiit 1(K) cleg, fnlir., temperature of the con- 
densnlc, 100 deg. fuhr.; luixilinnes develop 100 hp. and use 30 lb. steam per hi)-hr. 
(non-eondensing), initial pressiin* llo Ib. abs., steam dry at admis.sion; required the 
ttoperature of the feedwater if the auxdiary exhaust is discharged into an oiien heater. 

4. Reiiuinid th(‘ tube surtace necA'ssary fni a closed heater suitable for the condi- 
tions in Problem If Assuiik* T = 350 

6. If the tub(‘s are 1 m inside diametiT, required the total length of water travel 
for the (‘onditions in Problem 4, assuming a water velocity through the tubes of 120 
ft., per min. 

6. Uaw^ water at a. temiieratun* of 200 deg. fahr. is pumiied into the chamber of 
a flash-type (‘vaporator m winch a ])re.s.sure of 7 m. a,bs. is maintained. What percent- 
age of the raw water is flashed into vapor? 

7 . DetermiiK^ the amount of raw waiter evaporated ])(t lb. of steam supplied in a 
single-efTect evaporator if the condilion.s are as follow's: Pressure of steam supi)ly, 
17 11). abs , vacuum, 21 in , tcanpiM-alure of raw' w'atcT, (>() dc'g. falir. Neglect all losses. 

8 . Same conditions as in IToblem 7 exc(‘j)t that a doiible-etTect evajiorator is to be 
used. 

9 . IIow' many lb. of steam must be extracted from the IS lb. abs stage of a 10,000-kw. 
steam turbine in order to heat the comhm.sate to tlu* maximum if the conditions are 
as follows. Initial i)r(‘ssur(‘. ilnO lb. gage, su[)erheat, 250 d(‘g. fahr., vacuum, J in. abs., 
water rate* of turbine wath tuli extraction at rated load 11 5 lb. per kw-hr., 10 per cent 
drop in ])ressure in steam to stagi' heater; tenqierature of condensate, 77 deg. fahr. 

10 . Given the follow'ing conditions for a single-stagi' extraction heater Initial 
pre.sMiire 20.5 lb. abs., sujierbeal 1.50 deg. lain., back jiressnre 1 in. abs., tem])eratare of 
condensate 70 deg. lahr, Gonstniet curves similar to tho.sn shown m Pig. 423 w'ith 
a view' of deti'rmmmg thi' temjierature of the feedwater at which thi' efheieiiey of j)Ower 
generation is a, max-nnum. Assnme 100 per cent Ibinkme-eycle cffieieiiey and neglect 
nil heat lo.sses 

11. (-alculate the linal feedwailer and flue-gas lemperatures for a counterflow 
economizer iiislallatioii ojieratiiig under the following I'onditions. Boiler heating sur- 
face 10,000 sip ft., economizer surface (>500 sq. ft., initial feeihvater temperature ICO 
deg. fahr., initial flue-gas ti'miieratiire (iOO deg. fahr. when the boiler is ojieratmg at 150% 
above standard rating; coal used, Illinois w'a.shed nut, 13,500 B.t.u. per lb., [' = 4. 



CHAPTER XIV 


PUMPS 


266. ClasHiflcation. — Puiii]is used in coiiiiodioii with sto:un power 
plants may l)e coiiveiiicaitly dtissitied iiii(l(M‘ five f!;n)ii])s a(‘(‘onliiip, to the 
principles of adirm. 

1. Piston pumps, in wliidi^ motion and jm'ssiiK' are imparled to the 
fluid by a recii)rocalinj»; piston, j)liinji;(M-, or biu^ket. The action is posi- 
tive and a certain definite amonnl of fluid is handled ])er stroke under 
predetermined conditions of jnvssure a,ud v('locity. 

2. Centrifugal pumps, in winch the fluid is f;iven inilial velocity and 
pressure by a rotating imi)eller. The a.dioii is not positive', as the amount 
of fluid tlischargcd is not nec(*ssarily ])ropoiiional to tlie impedler dis])lace- 
ment. 

3. Positive-displacement rotary pumps, in which motion and pressure 
are imparted to the fluid by a rotating impeller or screw. The volume 
discharged is practically eepial to the impeller displacement regardless of 
pressure. 

4. Jet pumps, in which velocity and ])r(‘ssure are imparb'd t-o the fluid 
by the momentum of a jet of similar or oth(‘r fluid. The ordinary steam 
injector is the best known of this grou)). 

f). Direct-pressure pumps, in which the pressure of one fluid acts 
directly on the surface of another fluid, thereby imi)arting all or part of 
its energy to the latba*. Tlu* pulsomebu’ is an exampk' of this type. 

These groups may be vaiiously subdivided as follows; 


Piston 

Centrifugal. . . . 

Rotary 

Jet 

Direct l^essure 


Direct-acting 

J' 1 V wheel 
Power-driven 

Volute 

Turbine. 

Power-driven 

Injector . 
Ejector .... 
Pulsoineter . 

Air-lift 
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Simplex 

Duplex 

Simplex. . . 

Duplex 

Triplex 

Single-stage .... 
Multi-stage . . 

I Forcing. . . 

I Lifting 

Positive 

Automatic 

{ Lifting 

I Lifting 


Air. 

Vacuum. 

Forcing. 

Lifting. 


Vacuum. 

Forcing. 

Lifting. 
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Piston, or plunger pumps, are adapted to widely diversified service. 
Boiler-feed, condensate, and vaeiiuin pumps for small plants, city water- 
works pumps, and high-pressure force pumps ar(‘ ordinarily of this type. 
In the dire(tt-acting tyi)e, 1^'ig. 425, the water plunger and steam piston 
are secured to a singki piston rod and the steam pressure is transmitted 
directly to the water. 441010 is no flywh(‘el, connecting rod, or crank. 
The volume of the delivcny for constant initial steam pressure is inversely 
proportional to the r(\sistaTH'(^ offered by the water; whim the resistance 
equals the forward effort of the steam pressure, the iiump stops. This 



Fk;. 424. Typical Duplex Puinj) 


class of pump is well adapted foi* constant heail and varialffe capacities, 
since it may be operated as slowly as suits the capa(;ity recpiirements by 
simply throttling the discharge. The steam is not used expansively; 
therefore, the water rate is very large in proportion to the work perfonned. 

Flywheel pumps. Fig. 443, are ordinarily classified as inimping engines. 
In this class steam may lie used exiiansively, as sufficient energy is stored 
in a flywheel to iiermit the droj) in steam pressure during expansion. 
These pumps find wide application in city waterworks, elevator plants, 
and the like, where high duty is required. They are little used as station- 
ary boiler feeders, but are used to some extent in river-boat practice. 

Piston pumps. Fig. 446, driven by gearing or belting, are ordinarily 
classified as power-driven pumps. The source of power may be a steam 
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engine, electric motor, or gas engine. The single-cylinder machine is 
often designated as a “ simplex ’’ power-driven piiini), two-cylinder 
as a duplex,” the three-cylinder as a triplex,” and so on. 

Centrifugal pumps, Fig. 458, have largely supplanted the piston type 
for all but high-pressure low-capacity service because of their compactness, 
balanced rotary motion, absence of valves and pistons, uniform pressure 
and flow, freedom from shock, ability to handle dirty water, and high 
rotation speed permitting direct (connection to electric motors and steam 
turbines. The mechanical cflicicncy of the cent lifu gal pumps is lower 



Fic;. 425. Section Through a Typical Duplex Pump. 


than that of the av(*rag(' piston pump, but this disadvantage is largely 
offset by low first cost and low maintenance costs. 

Rotary pumps, Fig. 454, are employed to a limited extent in the same 
field as the centrifugal pump. Being positive in action, tlu^y permit of a 
much lower rotative speed for the same delivery pressure. 

Jet pumps. Fig. 451, are seldom used as pumps in the ordinary sense of 
the word, on account of thi'ir extremely low efficiency, but are occasionally 
employed for discharging water from sumps. Their greatest field of ap- 
plication lies in boiler feeding, and in this connection their overall thermal 
efficiency is very high. Jet pumps of the steam -ejec'tor type are much in 
evidence in the modern condensing plant for withdrawing or for assisting 
the main air pump in withdrawing the non-condensable gases and vapor 
entrainment from condensers. See paragraph 285. 

Direct-pressure pumps operated by steam, such as the “ pulsometer,'' 
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Fifi;. 449, are used prinei})ally for i)umping out sumps, surface drains, 
and the lik(‘, whcu'e the openition is intermittxmt. Direct-pressure pumps 
of the ail-lift ty])e, l^'ig. 485, are cpiite common and are used a great deal 
in situations when* watei- is to lie ])umped from a number of scattered wells. 

2C7. Direct-acting Steam Pumpn. — Figure 424 shows a general as- 
sembly, and Fig. 425 a section, through one element of a tyiiical direct- 
acting steam iniin]) of the dujilex type. This style of pump consists 
virtually of two single-cylind(*r ])iimj)s mounted side by side, the water 
ends and the steam ends woiking in ])arallel between inlet and exhaust 
pipe. The piston rod of one pump oiKuates the stt‘ain valve of the other 
through the medium of bell cranks and rocker aims. The pistons move 
alternately, and one or the oth(*r is always in motion, the flow of water 
being practically continuous. , 

In general construction the steam jiistons and valves are similar to 
those of steam (‘iigiiu's. The* valves in duiilex jiumjis, how^ever, have no 
lap. In order to reduce* the valve* trave*! te) a minimum, and still have 
sufficient bearing surfae‘e lietween the st.e‘am ports and the main c*xhaust 
ports te) prevent the* leakage* e)f steam IVeim enie to the othe*-r, separate 
exhaust peirts are preivided wliie'h e*nter the e^ylinder at nearly the same 
point/ as the steam ])orts. This arrangeine*nt eilfers a simple means e)f 
cushieining the piston by exhaust steam, thus pieventing it from striking 
the cylinder heaels at the enels e)f the^ streike. The valves e)f the eluplex 
pump, having nei lap, weiuld, if c,e)nnee*teel rigidly to the valve stenn, open 
one port as soon as th(! othei* had been closed, at/ about/ mid-stroke of the 
piston, thus cutting down the stroke to about one-fourth the usual length. 
To obviate this difliculty the valves are given consid(*rable lost motion 
by allowing sufficient clearance lietween the lock nuts on the valve stem; 
the latter, therefore, imparts no motion to the valve until the piston 
operating it has nearly completed the stroke. The lost motion Ijetwcen 
valves and lock nuts r(*nders it impossilile to stop the pump in any ])Osition 
from wdiich it cannot be started by simply admitting steam, and therefore 
the pumi) has no dead centers. When one jiiston move\s to the end of the 
stroke, it pulls or pushes the opposite valve to the end of its travel ; then, 
when the piston starts back t o the other end of its stroke, tlie valve remains 
stationary, owing to the lost motion, until the i)iston has completed about 
one-half the stroke. During this time the ()i)posite piston has completed 
a full stroke and the valve operated by if. wall have opened the steam port 
wide, so that while one valve covers both steam ports the other is at the 
end of its trave*!. In some makes of pumps, the stem is rigidly attached 
to the valves, the lost motion being adjusted outside the steam chest, as 
shown in Figs. 42(3 and 427 which represent two common constructions 
of a duplex valve gear. 
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Figure 428 shows the valve and ))iston in the position oceiipieci at the 
commencement of the stroke. At one end of the valve the steam port P 
is open wide, and at the opposite end the exhaust i)ort. E is open wide. 
When the piston nears the opposite end of the stroke and reaches the 
position shown in I'^ig. 429, the steam escape through the exhaust port E 



Fk;. 420. V\c. 127. 

is cut off by the inston, and since the steam ])ort is closed, the remaining 
steam is compressed between llie ])iston and cylindei’ lu*ad, thus arresting 
the motion of the j)islon gia, dually without shock or jar. 

The diiidex direct-acting steam j)uiiip of the tyi)e just described is the 
most widely distributed device* for general piimi)ing service where deliver- 
ing pressures do not exceed 200 lb, gage ami ca])aciti('s 1000 gal. jx'r min. 



Fui. 12S. Via. 42!). 


For tank supply and other similar light. servic(is, sizes as large as 4000 
gal. per min. have been built, but the centrifugal pump is perhaps the 
better investment in this connection. The duplex steam pump owes its 
popularity to low first cost, low maintenance, simplicity of operation, and 
positive action, but the water rate is very high and “ short-sti oking is 
common. Where it is desired to maintain the duplex principle and at the 
same time improve the water rate, the steam end is frequently compounded 
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as illustrated in Fig. 431. For pressures ranging from 200 to 1000 lb. 
gage or more, the water end is inodified as shown in Fig. 433. 

Single-cylinder or simplex direct-acting steam pumps are frequently 
preferred to the duplex type and are I’apidly superseding the latter for 
general service. This style of pump differs from the duplex only in the 
construction of the steam (*nd and in the employment of but one steam 
and one wat.('r cylinder. The older designs of simplex pumps were of the 
steam-actuated valv(‘ tyi)(‘ in which the movements of the main steam 
valve, usually of tlu^ i)iston ])atteni, were (iontrolled by a small pilot 
valve or valv('s. The steam su[)i)ly to the pilot valve was controlled by 
the position of th(' main steam piston. This design is no longer in evidence 
except in the olden- r)lants, because the pilot valves are apt to stick and 
positive action of the pump cannot be depended upon. In the modern 
simplex designs the' ])ile)t valve is mechanically e)perateel, anel positive 
action is therefe>re insured. Amenig the many designs of simple'x pumps 
may be mentioned the American-Marsh, ('juuerem, Knowle^s^ Blake, 
Deane, Davidse)n, aTiel Burnliam. While these various de’sigiis differ 
widely in eletails e)f valve e'onstructiem the basie*. j)iincipl('s are more or less 
alike. Figure *130 shows a sectional elevation through the steam end of 



the Amci’i(‘an-Marsh design and serves to illustrate the manner in which 
the reversal of the pump is effected at the end of the stroke. The pilot 
or auxiliary valve is of the semi-rotative disc type, actuated by a rocker- 
arm fastened to cross head on the main piston rod as indicated in the 
illustration. The movc'ment of the auxiliary valve controls the steam 
supply to the main steam valve, which is of the balanced-piston type, 
and this in turn admits steam to and exhausts it from the steam cylinder. 
The length of the stroke is adjusted to suit varying conditions by means 



PUMPS 


633 


of two regulating screws located at the side of the auxiliary valve stem 
lever. On pumps having a 10-in. stroke or longer, cushion valves are 
furnished at each end of the steam cylinder, which regulate the escape of 
exhaust steam and thereby control the cushioning effect. For a detailed 
description of the various types of Simplex pumps, consult “ Pumping 
Machinery,’^ })y Arthur M. Greene, John Wiley & Sons, Inc.. Pub. The sim- 



plex pump valve-control mechanism is a little more (complex than the 
du]:»lex, but with it tlKne is little danger of short-stroking. Water rates 
are lower than with the duplex tyiie because of the reduced clearance 
volume. 

268 . Pump Valves. — In the large majority of pumps for pressures 
under 200 lb. gage, it is general ])ractice to use a number of small valves 
of the sjuing-loaded flat-disc type. The disc pack- 
ing is renewable and is composed of various mater- 
ials, depending upon the temperature and char- 
acter of the fluid to be pum})ed. This packing is 
usually composed of soft-rubber compounds for cold 
water and of hard rubbei’, compressed fibei-, or spe- 
cial metallic alloy for hot water. Th(‘ discs are held 
firmly to the seat by conjeal or spiral springs and 
guided by a bolt thi’ough the center, as illustrated 
in Fig. 432. For j)ressures over 200 lb. gag(‘, it is 
customary to use a comparatively small number of spring-loaded metallic 
valves, wing-guided from below and working in bronze seats, as shown in 
Fig. 433. The valve chambers are comparatively small castings, separate 
from the cylinder and connected together by branch manifolds for the 
suction and discharge pipes. The valve-pot covers form the guides for 



Pump Disk- Valve. 
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the valve .sprin(»:R. Each valve chamber may be opened up for inspection 
or repair without disturbing any other part of the water end. In some 
designs of pumping engines, large mechanically operated valves arc used 
on the water end, a single suction and a single delivery valve for each 



end of the cylinder, in place of a number of spring-loaded disc valves. 
The Iliedler pump, Fig. 434, is of this design. 

209. Air and Vacuum Chainliers. — Air chambers in piston pinups are 
for the purj)Ose of causing a steady dischaige of watt'r nnd of reducing 

excessive pounding at high s])eeds by 
providing a cushion for the water. 
The water dis(*harg(Ml under pressure 
coinpress(‘s the air in (Ik^ air chamber 
somewhat above the normal piessure of 
discharge' during each stroke of the 
water j)iston, and when the ])iston stops 
moment aj’ily at the end of the stroke 
the air expands to a I'ertain extent and 
tends to produce a uniform rate of 
flow. 

The volume of the air chain) ler varies 
from 2 to 3 1 /2 times the volume of the 
water jnston displacement" in single- 
cylinder pumps, and from 1 to 2 1/2 
times in the dujilex type. High-speed 
pumps are provided with air chambers 
of from 5 to 6 times the piston dis- 
placement. The water level in the air 
chamber should be kept down to one-fourth the height of the chamber. 
In slow-running pumps, sufficient air may be carried into the pump 
chamber along with the water, but, with high speeds, a large part of the 



Operated Pump Valves. 
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air will be discharged, and air iiiiist be forced into the chamber by mechan- 
ical means. The larger the chamber, the more uniform will be the dis- 
charge pressure. 

Vacuum chambers are frequently provided for the purpose of main- 


taining a uniform floAV of water in the suction jiiix' and assisting in the 


reduction of slip. Such chambers should be of 
slightly greater volume than the suction pipe and 
of consideral)le length ratlier than diameter. Figure 
435 illustrates two designs commonly used. The 
one in Fig. 435 (B) sliould be i>laced in such a 
position as to recenve the impact of the column of 
water in the suctiem i)ipc as illustratcvl in Fig. 43t) 
(^), (B), and ((’). The chainber illustrated in Fig. 
435 {A) should be placed in the su(4,ion pipe below 
but close t.o th(‘ pump. 



Fio. 435. Forms of 
Vacuum C^iambcrs. 


270. Water PLstonH and Plungers. — In cold-water 


pumps the wabu- pistons arc' usually packcul with some kind of soft pack- 


ing. Figure 437 (.4) shows the (U't.ails of a piston with scjuarc hydraulic 



Ibc. ^13e. Different Arniiigc', incuts of Vacuum C3iambers. 


packing. The body E is fastened to the piston rod by nut C; packing 
is placed at D, and follower F is forced up liy the nut B and locked 



(A) (B) (C) 

Fic;. 437. Types of Water Pistons. 


by nut A. For large sizes the design is the same except that the follower 
is set up by a number of nuts near the edge. In hot-water pumps the 
pistons are often packed by means of metallic piston rings, R, R, Fig. 
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437 (C), siinilar to those in steam pistons, or merely by water grooves, G, 
G, Fig. 437 (B). 

The cup-leather, P'ig. 438, is a good packing for single-acting deep-well 
and high-pressure cold-water pumps, since the pressure exerted by the 
leather varies with the water pressure. A cup-leather packing for a 



FiciJ. 438. C^lp-loathc^ Fio. 439. Double- Fig. 440. Il-loathcr 

I’jicking. leather Packing. Parking. 


I M 

Plunger with Metal Parking Ring. 


doubl(sa('tiiig pumj) is shown in Fig. 430. For very heavy jnessurcs, 
the U-leather packing, Fig. 440, has given the best satisfa(;tion. 

y. .. Th(^ watei' end is often 

y ^ \ fitted with a plunger instead 

I, ^ 4~l vj of a piston, as in Figs. 441 

\ ^ ‘ aocl 442. The T)iston is more 

P ^ compact, but the plungers do 

fe recpiire a bored cylinder, 

7^^ L ^ so that, the first cost is not 

^ materially different. 

if ^ Figure 44 1 shows a idunger 

II li with metal packing ring. 

Viu. 441. Plunger with Metal Parking Ring. leakage becomes exces- 

M ^ ^ fh. "il necessary to renew 

^ 1 1 which is readily re- 

plunger is 

_ packed with the hydraulic 

HI ? packing, as in the follower 

^ fyP^' of pump piston. The 
great, difficulty with the above 
lLJ j types of piston and plunger is 

Fig. 442. Plunger!' tlflj^aullc Packing in keeping the packing tight 

or in knowing when it is leak- 
ing, and the trouble necessary to replace the packing. The outside» 
packed plunger, Fig. 433, obviates these disadvantages to a great 


cr= [g 



brfi n 

1.^ ( 



Fig. 442. Plunger wi th Hydraulic Packing R ing. 
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extent, since leakage is readily detected and repacking is perfonned with- 
out removing the cylinder heads. In dirty or dusty locations, however, 
the piston pump or inside-packed jdunger is to be j)referred, since the 
abrasive action of the dust renders outside packing diflicuH. Figure 443 
illustrates a high-duty elevator pump with outside-i)acked plunger. 



271. Performance of Piston Pumps. — The mecdianical efficiency of the 
water end of a piston pump is very high, since there is very little friction to 
overcome. Tests conducted on direct-acting steam pumps show mechan- 
ical efficiencies (watei-end i.hp. divided by steam-end i.hp.) ranging from 
90 to 99 per ceiit. With v(uy small pumps operating against low heads, 
the efficiency may be as low as 50 per ceiit because the ratio of the friction 
of the packing and stuffing ])ox to total pressure acting on the piston 
increases with tin' decrease in head. Overall inechaTiical efficiencies 
(actual water hp. delivered divided by steam-end i.hp.) are considerably 
less and vary within wide limits because of short-stroking and slip past 
piston and valves. Puni]) slip varies from 2 to 40 per cent or more, 
depending upon the desigTi and coinlition of the pump and valves and the 
number of strok(is; an average value for i)iston and plunger pumps in 
first-class condition is 8 p^r cent when operating at rated capacity. How- 
ever, to allow for possible short-stroking and leakage caused by wear, it 
is customary to make a liberal allowance and the actual delivery is usually 
assumed to be about 85 per cent of the ))iston displacement. Direct- 
acting pumps as a class are very wasteful of fuel and low in thermal effi- 
ciency, largely because of the non-expansive use of steam and slow-speed 
operation. Rankine-cycle ratios at rated capacity vary from 15 per cent 
in the smallest sizes to about 50 per cent in the larger units, corresponding 
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to water rates of approximately 250 to 72 lb. per i.hp-hr. for the usual 
saturated steam eoTulitions. The simplex design, because of the lower 
clearance volumes and bettf;r steam distribution, is from 10 to 20 i)er cent 
more economical in the use of steam than the (lujilex of equal capacity. 
The average single-expansion (liie(*t-acting boiler-feed pump, when 
operating under service conditions, uses aj)proximaiely 5 per cent of the 
boiler steam; but if the pump exhaust is utilized in heating the feedwater, 
the net heat consumption is somewhat less than 1 i)er cent, ('ompound 
direct-acting pumps running non-condensing us(‘ from 40 to 100 lb. of 
steam per i.hp-hr., depending upon tlie steam conditions and the ratios 
of the steam-cylinder diameters. Single-cylindei' flywhe(4 pumps of the 
slow-speed type, running non-condensing, use al)()ut 50 lb. of steam per 
i.hp-hr. Multi-cylinder flywheel pumps of the high-duty type use about 
25 lb. per i.hp-hr. when running non-condensing, and as low ixs 10 lb. 
when operating condensing. High-grade direct-connected motor-driven 



power pumps have a mechanical efficiency from line to water load, at 
normal rating, of about 80 per cent. The efficiency of (jeared pumps at 
normal rating varies with the character of the gearing and the degree of 
speed reduction, and may range anywhere from 25 to 75 per cent. The 
steam consumption of all direct-acting steam pumps appears to decrease 
with the increase in speed, as shown in Fig. 444, the curves of which were 
plotted from a number of scattering tests. 

Nearly all types of direct-acting piston pumps can be operated with a 
moderate amount of superheat before serious operating difficulties arise, 
the exact amount, of course, depending upon the design and construction. 
With 25 deg. fahr. of superheat the water rate of the single-expansion 
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simplex or duplex pump may be reduced from 10 to 15 per cent, and with 
50 deg. superhcjit from 15 to 20 per cent. 

Example 69. — A small direct-acting duplex pump uses 150 lb. of steam 
per i.hf)-hr. Cbige pressuie 150 lb. per sq. in., fei^dwater temperature 64 
deg. fahr. Kequired tlu^ per cent of rated boiler capacity necessary to 
operate the pump. 

Solution. — '^riie steam pres- 
sure pumped against, 150 lb. 
per sq. in., is ecpiivalent to 
150 X 2.3 = 345 it. of watc'r. 

The friction through the 
valves, fittings, and pipe, and 
the vertic.al distance between 
su(;tion and feed\vat,ej‘ inle^, 
arc assumed to b(' ecpii va- 
lent to 20 per ccmt of the 
boiler pressure, giving a total 
head of 150 + 30 = 180 lb, 
per scp in. or 414 ft. of water. 

A boiler hors('povvei‘, taking 
into consideration leakage 
losses and the steam used 
by the feed pump, will be 
equivalent to the evaporation 
of approximately 32 lb. of 
water per hr. from a feed 
temperat\ire of ()4 deg. fahr. 
to steam at 1 50 lb. gage. 

The actual work done in 
pumping 32 lb. of water against a head of 414 ft. is 

414 X 32 = 13,248 ft-lb. 

This corresponds to 

13,248 ^ GO X 33,000 = 0.0067 hp. 

The total heat of I lb. of steam above 64 deg. fahr. is 1163 B.t.u. The 
heat delivered to the pump per i.hp-hr. is 

11()3 X 150 = 174,450 B.t.u. 

The amount used by the pump for each boiler horsepower, disregarding 
efficiency, is 

174,450 X 0.0067 = 1168 B.t.u. per hr. 

The overall mechanical efficiency of the average feed pump ranges from 
50 to 85 per cent, depending upon its condition and the number of strokes 
per min. Assuming it to be 65 per cent, the heat used by the pump per 
hr. to deliver 32 lb. of water into the boiler is 

1168 0.65 = 1796 B.t.u. 
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A boiler horsepower is equivalent to 33,479 R.t.u. per hr. Therefore 
the per cent of boiler output necessary to operate the pump is 

100 X 1790 - 33,479 = 5.30 per cent. 

If the exhaust steam is uscul for iKiatin^ tlie feedwater, the steam con- 
sumption will be 0.73 per (;ent of the boiler ca[)acity. Thus, the weight 
of steam consumed i)er l)oilc^r h])-hr. 

1790/1103 = 1.54 lb. 

Allowing a 10 per cent loss, the heat in the exhaust available for heating 
the feedwater is 

[1150 - (04 - 32)] 0.9 X 1.54 = 1550 B.i.ii. 

1796 — 1550 = 240 B.t.u., or the net heat rcfjuired by the pump per 
hr. to deliver 32 lb. of water to the boiler. 

The per cent of boiler output necessary t6 oi)erate the pump is 

100 X 240/33,479 = 0.73. 


Pump perforinarices are gcmeially given in terms of the foot-pounds of 
work done by the water piston per thousand lb. of dry steam or per million 
B.t.u. consumed by the engine, thus: 


1 . 


Duty = 


Foot-pounds of work done 
Weight of dry steam used 


(251) 


« -r^ X Foot-pounds of work done ^ 

2. Duty - number of Iwait units consumed ^ (2o2) 


(Sec A.S.M.E. ("ode for conducting duty trials of pumping engines, 
Trans. A.S.M.E., Vol. 37, 1915.) 


Example 70. — A compound feed pump used 100 lb. of steam per 
i.hp-hr.; i.hp., 48; capacity, 400 gal. per min.; temperature of water, 
200 deg. fahr.; total head pumped against, 175 lb. })er sq. in.; steam 
pressure, 100 lb. gage; moisture in the steam, 3 per cent. Required the 
duty on the dry steam and on the heat-unit basis. 


Solution. — 175 lb. per sq. in. is eciuivalent to 175 X 2.4 = 420 ft. of 
water at 200 deg. fahr. 

Weight of 400 gal. of water at 200 deg. fahr. = 400 X 8.03 = 3212 lb. 
Work done per min. = 3212 X 420 = 1,349,040 ft-lb. 

Weight of dry steam supplied per min. 


100 X 48 
60 


X 0.97 = 77.6 lb. 


B.t.u. supplied per min. 


100 X 48 


(0.97 X 879.8 + 309 - 200 + 32) = 79,552. 


60 
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Duty per thousand lb. of dry steam 
1 *.W) 040 

= X 1000 - 17,384,150 ft-lb. 


Duty per million B.t.ii. 
1,340,040 


70,552 


X 1,000,000 = 10,058,000 ft-lb. 


Table 85 may be used in api)roximating the duty, thus: 

The mechanical efhciency of the ])imip in the preceding problem is 


P^fhcleiH'y 


water hp. 1 ,340,040 
i.Ti'p^ “ 33,000 X 48 


85 ]^cr cent. 


At the intersection of vertical <“oliimn 85 ” and horizontal column 
“ 100 ” of Table 82, we find 10.82 millions. See, also, Table 03. 


212 . Size of Dlreei-acting Steam Pumps. — Ijet 

D = diameter of water cylinder, in. 
d = diameter of th(^ steam cylinder, in. 

L = length of stroke, in. 

N = number of working strokes per min. 

H = head in feet between suction and boiler water level. 

R = resistance m lb. ])er sep in. between suction level and boiler water 
level due to valves, japes, and iittings. 
p = boiler jnessure, lb. per s(|. in. 
p' = steam ])ressu]e on the i)iston, lb. j)er s(|. in. 

C = ft. of water eejui valent to one lb. ])er scj. in. jiressure. 

S = ratio of th(' water actually delivenMl to the piston disi)laccment. 

= weight of watei’ delivered, lb. per hr. 

I = in dictated hors('j)ower of the pump at maximum capacity. 

E = mechanical efTiciency of the pumj), 1 iiken as th(' iiif io of the br.hp. 


at 

the discharge 0 }:)ening to the 

i.hp. 

of th(i j)unij), steam end. 

W 

= j X ()2.5 

4 144 12 

X N 

= 1.7 D‘^LNS 

(253) 

D 

= 0.77 VW/LNS. 



(254) 

d 

= D V{p + A* +//-=- (’)/ 



(255) 

I 

= If [(/> + N) C +//)]- 

(33,000 X 60 X E) 

(256) 


In average practice the i)iston or jiluiiger disjdacement is made about 
twice the cai)acity foiiiid by calculation from the maximum amount of 
water required foi- the engine, to allow for leakage, steam consumption 
of the auxiliaries, and blowing off. 
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^ Pounds discharged per mm. X head m feet 

Mechanical efficiency - j ^ 33 ^ 

0.50 

(N O 00 Cl O I- <M O O iCl O O ‘O Q 
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1(0 lO O O 1- I-- C/D 05 O O -t 'O O CO 

1— 1 e-H l-H —I ( CM CO 

30 00 

45 00 

50 00 
56.25 

60 00 

64 28 
69.22 

75 00 

51 SO 

90 00 

O 

*0 -H iO —f — t O CO 'X) 0/'- O <35 05 ^ lO QC OI c: 
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For pumps with strokes of 12 in. or over, the speed of the plunger or 
piston is usually limited to 100 ft. per min. as a maxiiiiuui, to insure 
smooth running. For shorter strokes a lower limit should be used. The 
maximuiii number of strokes ranges from 100 for strokes t)ver 12 in. in 
length to 200 for strokes under 5 in. Boiler-feed pum])s should be designed 
to give the desired e.aj)acity at about one-half the maximum number of 
strokes or less. 
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Pump slip varies from 2 to 40 jkm- cent, deixMiding upon the eondition of 
the piston and valves and the number of strokes. An average value for 
piston and plunger pum])s in fii-st-elass eondition is 8 per eent when opera- 
ting at rated ea])aeity, but it is wise to allow a much larger figure, say 20 
per cent, for leakage caused by wear. 

The area of the steam cylinder of a boiler-feed pump ranges from two 
to three times that of the water end, to allow for the various friction 
losses and to permit the pump to ojierate at reduced steam pressures. 
The total head pumiied against includes the suction lift, friction of valves 
and fittings, the distance between the suction inlet and the boiler level, 
and the boiler pressure. The total head ranges in practice from 1.1 to 
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1 .5 times the pressure in the boiler. When specific data are not available, 
the factor is ordinarily taken as 1 .25. The application of equations (253) 
to (256), including the practical considerations stated above, is best illus- 
trated by a specific example. 

Example 71. — (Calculate the size of direct-acting single-cylinder boiler- 
feed pump necessary to supply water to 1000 hp. of i)()ilers operating at 
rated capacity. Gage pressure 100 lb. per s(j. in., feedwater temperature 
150 deg. fahr. 

Solution. — One boiler hp-hr. is e(|ui valent to 34.5 lb. water from and 
at 212 deg. fahr. or 31.2 11). from a feedwater temperature of 150 deg. 
fahr,, to dry steam at 100 lb. gage, therefore 

W = 31.2 X 1000 = 31,200 lb. i)er hr. 

To allow for wear and leakage, assume *S[ ^ 0.80. 

Taking the maximum piston speed as 100 ft. per min. and assuming that 
the rated (lapacity is to be furnished with the pump operating at half the 
maximum speed, we have 

LA^=100Xl2-^2 = 600 in. per min. 

Substituting these values in equation (254) and reducing 

D = 0.77 V31, 200/(600 X 0.8) = 6.2 in. — call it () in. since the 
assumptions have been liberal. 

Assume the total head to be 1,25 p, i.e. p + R + H C = 1.25 p, 
p' = 0.50 p and E = 0.(')5. 

Substituting these valinss in equation (255) and reducing 

d = 6 V1.27rx 100/(0.50^ 1007 = 9.5 in., or, say, 10 in. 

On a basis of 100 stiokes ])ei‘ min. as the maximum speed, 

L = LN 100 = 1200 100 = 12 in. 

The dimensions of the pump, therefore, will be 10 X 6 X 12. 

The i.hp. at rated load may be obtained by substituting the proper 
values in equation (256), thus: 

31,200 X 1.25 (100) X 2.35 _ 7 1 

^ 337000 X 00 X 0.65 

:873. Power Pumps — Piston Type. — Piston pumps, geared, belted, 
or direct-connected to electric motors, gas engines, and water motors, are 
used chiefly in industrial i)lants. Their general utility is evidenced by 
the rai)idly increasing number installed in situations formerly occupied 
by the direcrt-acting steam pump. The efliciency of this type of pump 
depends in a large measure upon the character of the driving motor and 
the efficiency of the tiansinitting mec.hanism. High-speed power pumps 
direct-connected to electric motors give efficiencies from line to water 
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horsepower as high as 83 per cent, while the low-speed geared type seldom 
exceeds 70 per cent. The ciiiwes in Fig. 447 give the performance of a 
direct-connected triplex pnmj), and 
those in Fig. 448 the performance of 
a triplex pump geared to an electric 
motor. Both of these performances 
arc exceptionally good and are consid- 
erably above the av('rag('. 

The tonpie recpiired to start plung(‘r 
pumi)s may range from 125 to 250 
per cent of normal full tor(]iie, dei)end- 
ing primarily upon the tight ik^ss of tlie 
stuffing boxes and tit of ])js1ons or 
plungers. Large pumps are fiecpiently 
equipped with a by-pass for relieving 
the pressure during the starting ])eriod, 
thereby decreasing the initial tonpie re- 
quired from the driving motor. With 
direct-current supply, compound mo- 
tors having about 20 ]wv cent series 
winding are recommended for this class of pumps, for both constant and 
variable speed operation. A compound motor of this design will provide 

the necessary starting 
torque withoTit (ixeess 
inrush of current. 
With alternating-cur- 
rent sui)ply, squirrel- 
cage motors are per- 
missible up to and 
ineJuding 5 hp. pro- 
vided the power com- 
pany will permit mo- 
tors of this capacity 
to be thrown di- 
rectly on the line. 
For larger capacities, 
wound-rotor motors 
of either the slip-ring 
or automatic self- 
starting type should 
be used since they develop the required initial torque without excessive 
line current. The squirrel-cage type of motor is inherently a constant- 
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Fig. 447. Performance of a 65-hp. Motor-driven 
Trifilex Pump. Geared Type. 



Fig. 44C). A Typical Geared Triplex 
Pump. 
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Hpeed machine and there is no satisfactory way of adjusting its speed. 
While speed adjustments arc obtainable over a considerable range with 

a wound-rotor motor having 
-i 860 resist an (*e connected in series 

with th(' rotor, the number of 
operating speeds is limited to 
the nutnlier of points in the 
controller. l'\)r variable-speed 
service, the brush-shifting type 
of a.c. motor is finding favof* 
with many engineers becaus^ 
it has starting characteristics! 
ijimilar to those* of the slip-ring 
typc‘ and at the same time the 
efficiency is Ijetter at reduced 
speeds. 

274. The Pulsometer. — This 
pump, representative of the 
direct steam-pressunr type, is 
frequently used where compara- 
tively small ciuantities of water 
(2000 gal. per min. and under) 
are to be lifted to moderate 
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Fig. 448. Performance of a Motor-driven 
Triplex Pump. Direct C-oniUicted. 


heads (75 ft. and under) and where low first cost, portability and sim- 
plicity of installation are essential factors. Pulsometers are adapted to 
the pumping out of sumps where the water is dirty and 
gritty, and to the handling of paper-mill pulp and 
the like. The steam consumption is approximately 
that of a duplex steam pump of eipial capacity. 

Referring to Fig. 449, the operation is as follows; 4'he 
pump is first primed by pouring water into the vessel 
through a plugged opening. Steam is then admit- 
ted into the right-hand chamber, which forces the 
water through the discharge valve by direct pressure. 

The moment the water falls to the level of the open- 
ing leading to the discharge chamber, the even surface 
of the water is broken up, and, owing to the peculiar 
form of the pump chambers, the water and steam are 
thoroughly churned up and brought into intimate con- 
tact, causing instant condensation of the steam. This 
creates a partial vacuum in the chamber, pulls the ball valve over the inlet 
opening, and shuts off the steam. Water then flows through the suction 



Fig. 449. The Puls- 
ometer. 
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op)ening into the vacuum chamber. While the right-hand chamber is 
filling up, the left-hand chamber is emi)tymg. The cycle continues in 
this manner as long as the pump is sui)plie(l with steam and water. 

275. Injectors. — As a boiler feeder, the injectoi’ is an efficient and 
convenient device, cheap and compact, with no moving parts; it delivers 
hot water to the boiler without preheating, and has no exhaust steam to 
be disposed of. Its adoption in locomotives is practically universal, but 
in stationary ]n‘actice it is liniited to small boilers or single boilers or as 
a reserve feeder in connection with piiin])s. The objections t(' an injector 
are its inability to handle; hot water, the difficulty of maintaining a con- 
tinuous flow undc'r extreme variation of load, and the un(‘.ertainty of 
operation under certain conditions. Figure 450 illustrat(;s the simplest 



form of single-tube injector. Boiler steam is admitted at A and, flowing 
through nozzle and comlnning t,u)>e to the atmosphere through G, partially 
exhausts the; air from pipe thereby causing the water to rise until it 
comes in contact with the steam. The steam emerging from nozzle C 
at high velocity condenses on meeting the water and imparts considerable 
momentum to it. The (mergy in the rapidly moving mass is sufficient 
to carry it a-cioss opeming O, lift check II from its seat, and force it into 
the boiler. The steam then ceases to escape at, G. 

Positive Injectors. — T^igure 451 shows a section through a Hancock 
injector, illustrating the principles of the double-tube positive type. Its 
operation is as follows: Overflow valves I) and F arc opened and steam 
is admitted, which at first, passes freely through the overflow to the atmos- 
phere and in so doing exhausts the air from the suction pipe. This causes 
the feedwater to rise until it meets the jet of steam, and the two are forced 
through the overflow. As soon as water appears at the overflow, valve 
D is closed, valve C partially opened, and valve F closed. This admits 
steam through the forcing jet W and, the overflow valves being closed, 
the water is fed into the boiler. In case the action is interrupted for any 
reason, it is necessary to restart it by hand. 
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The chief advantage of the double-tube positive type lies in its ability 
to lift watei’ to a greater height and to handle hotter water than the single- 
tube. Its range in pressure is also greater, that is, it will start with a lower 
steam pressure and discharge against a higher back pressure. Double- 
tube injectors arc used almost exclusively in locomotive wojk. 



Fig. 451. IRincock DoubJo- 
tiibe Injoctov. 



Pig. 452. TViiberfh^^ Automatic 
lujoctor. 


Automaiic Injectors. — Figure 452 shows a section through the Pen- 
berthy injector. Its operation is as follows: Steam enters at the top 
connection and flows through suction tube c into the combining tube d 
and into chamber g, fi'om which it passes through overflow valve 7\ to the 
overflow m. When w^ater is drawn in from the suction intake and begins 
to discharge at the overflow, the resulting condcnisation of the steam 
creates a partial vacuum above the movable ring /?, and the latter is 
forced against the end of tube r, cutting off the dirct^t flow of w^ater to the 
overflow. The water then passes into the boiler. Spill holes i, ^ are 
for the purpose of relicwing the excess of water until communication with 
the boiler has been established. The action of opening and closing the 
overflow is entirely automatic. Where the conditions are not too extreme, 
the automatic injector is to be preferred for stationarj^ work because of 
its restarting features. It is also used on traction, logging, and road 
engines, where its certainty of action and special adaptability render it 
invaluable for the rough work to which such machines are subjected. 
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Injectors, Theory of: Trans. A.S.M.K., 10-339; Sibley Jour., Dec., 1897, p. 101; 
Power, May, 1901, p. 23; Tlu'ory of the Steam Injeetor, l\neass. 

Injector,^, (hucral J)esn t j)tion: Power, ]\Iar. 21, 1922, p. UU). 

276. Performance of Injectors. — ^ Since the lieal p,iven nj) hy the steam 
must be equal to that absorbed by th(‘ hvdwater, ])lus th(‘ heat (‘(|uivaleiit 
of the work done in forcing the water into the boiler, jiliis any heat loss 
to the surroundings, the performance of an injector may l)e calculated 
from the lelationshij) 

II — (h = w (r/2 - 7„) + [{be + 1 )//i + (cha + Abl/77S (257) 

in which 

H = heat content of the steam su]^])lied to injector, Ikt.ii. per lb. above 
32 deg. fahr. 

72 = heat content of the water dischaig(‘d from injeitnr, B.t.u. per lb. 

7o = initial heat content feedwater temi>eratin‘(‘, B.t .u. i)er lb. 

w = lb. of wat(M‘ delivered ])er lb. of steam supjiliiHl. 

/h = boiler pressure' expresse'd in ft. of water. 

h„ = suction lift, ft. 

F = friction and loss to surroundings, ft-lb. 

For all power plant purposes, it is suffieuently accurate' te) negle*<ct the 
quantity in brackets anel te> assume that. -- i„ — 32 and 72 = /u — 32 
(I 0 = initial anel = final temi)e‘iature of the wate'r, ele'g. fahr.). The lb. 
of watc'.r de'livereel pen' lb. e)f steam supplieel may the'ii be' ex])re'sseel, 

ve = ill - + 32) -4- (/2 - /J. (258) 

Figure 453 gives the })e']*fe)rniance e)f a nesme)nel aute)matic injector 
as testeel at the Arme)ur Institute of Tee*tine)le)gy. The cui ves wea e pledteel 
from the simplified eepiatiem (25S) anel the e*ircl('s je'])re'se‘ait. actual test 
data. The close agreenu'nt l)etween e-aleailated and e)f)S(',rveel elata is 
evielent. 

Referring to Fig. 453, A, it will be seen that the we'ight e)f water de- 
livered per lb. of steajii decreases as the' initial j)]vssure* is ineaeased, all 
other factors remaining the same. From Fig. 453, li, it will be noted 
that the weight, of water delivered per lb, ejf steam (U'eae'ases as the tem- 
perature of suctieni su})ply is inci'eased, u]) to a i)e)int where the injector 
“ breaks or becomes inoperative. This ciitit'al temi)erature varies with 
the different types of injectors, being highest for tlu^ double-tube type, 
but seldom exceeds IGO deg. fahr. Figure 453, (\ shows that the weight 
of water delivered per 11). of steam is pract ically constant for all discharge 
pressures within the limits of the apparatus. 
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In .selecting an injector, the following information is desirable for best 
result, s : 

1. The lowest, and hight'st, st(\ani pressure carried. 

2. The tenip(*rature of IIk^ wat(U' supply. 

3. The source? of water suj)ply, whether the injector is used as a lifter 
or non-lifter. 

4. The general scu vice, such n.s character of the water used, whether 
the injector is subject, to .sevei*c jars, etc. 


Discharifc I’loahure, Lb. per Sq. In. Gage 



66 or. 76 86 96 106 116 


Suclion Temperature, Depr Fnhr 

Etc;. Pc'rforiruuK^e of im Automatic Injoctor. 

From a purely thermodynamic standpoint, the efficiency of an injector 
is nearly perfect , since the heat drawn from the boiler is returned to the 
boiler again, less a .slight radiation lo.ss. As a pumj), howtwei’, the injec- 
tor is very inefficient and lecpiii'es more fuel for its operation than very 
wasteful ieed piimiis. This is be.st illustrated by an example; 

Example 72. — Compart' (he heat consumption of a high-grade injector 
with that of an oj (linary rluplex lioiler f(?ed pump when feeding water to a 
boiler. Make all ii('C(?ssary assumptions. 

Solution. — An injector of modern design will deliver, say, 13 lb. of 
water per lb. of .steam under the following conditions: initial steam pres- 
sure 115 lb. abs. ; f(*edwater (iO deg. fahr. ; delivery temperature 140 deg. 
fahr. ; suction lilt 3 ft. From steam tables, heat content of 1 lb. of steam 
at 115 lb. abs. = 1188.8 H.t.u. Neglecting radiation and friction, the 
heat required to deliver lib. of water to the boiler = 

[1188.8 - (140 - 60)] - 13 = 85.3 B.t.u. 

A simple direct-acting duplex pump consumes, say, 200 lb. steam per 
i.hp-hr. Assume the extreme case where the exhaust steam will not be 
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used for heating the feedwater and the latter is fed into the boiler at 60 
deg. fahr. 

The heat supplied to the pump per i.hp-hr., 

200 [1188.S - (60 - 32)| = 232,160 B.t.u. 

Assuming the low meeha]ii(‘al ellic'ieney of oO ])er er^nt, the heat re- 
quired to develo]) 1 h]>hr. at the >\ate]- end will he 

232,160 0.50 4()4,32() B.t.u. ])er hr. 

Since the steam pressuie is 100 Ih. gage, the ecpiivaUait head of water 
at 60 deg. fahr. is 

2.3 X 100 - 230 ft. 


Assume the friction in the fec'd i)ii)e, the lesistanee oT calves, etc\, to 
be 30 yier cent of the boiler pr(\ssure; tlie total lj(aid i)ump(‘d against will 
be •* 

230 + m = 209, say 300 ft. 


Since 1 hp-hr. = 1,980,000 ft. lb. per hi ., 


U)8j),0(K) 

300 


6t)00 lb. per Irr., 


that is, 1 hp. at the pump will deliver 6600 lb. of water ]>er hr. to the boiler 
against a head of 3()0 ft. 

The heat consumi)tion per lb. of water delivered, 

464,320/6()00 = 70.3 B.t.u. 


Under the assumed conditions, the inje(‘tor recpiiies 85.3 B.t.u. to 
deliver 1 lb. of water, against 70.3 B.t.u. foi- the pump (with the better 
grades of pumps this dis])arity is considerably greater). This n'fei’s to 
the performance of the injectoi’ solely as a ])um[)ing mechanism. As a 
boiler feeder, howcwei*, tin’; injector returns practhvally all of the 85.3 
B.t.u. to the feedwatej', so that its efhcimicy is virtually 100 per cent- 
Although the injector has a perfect efhciiMicy as a boiler feedei-, it is not 
necessarily the most economical means foi’ feeding a boiler, because of its 
inability to operate with hot Avater, and th(‘ (4T(‘cl is (‘(piivalenl. to heating 
the feedwater by liv(' stream. 

277. Rotary Pumps. — Rotary pumps are occ^asionally used for circu- 
lating cooling water in condenser iTistallations, and give about the same 
efficiency as centrifugal pumps und(u- siniilai’ conditions of operation. 
For moderate piessure and large volumes, ihvy offer the? advantage of low 
rotative speed, thus permitting direct corinetdion to slow-speed steam 
engines. At high speeds they are noisy, owing c-hiefly to the gearing. 
They occupy considerably les.s space than piston pumps of the same 
capacity, but require more room than the centrifugal type. 

Figure 454 shows a section through a two-lobe cycloidal pump. The 
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shafts arc connected ))y wheel gearing, the power being applied to one of 
the shafts. 'The wattM- is diawii in at / and forced out at 0, the displace- 
ment per levolutioii being (‘(jual to four times th(i volume of chamber A. 
There is no rubbing bcitween impellers and casing. In this type of pump 
the pressure is indej)end(uit of th(^ speed of rotation, and the capacity 
varies almost directly with the speed. The slip varies from 5 to 20 per 
cent ac(‘ording to th(' discharge pressure. 

T'igure 455 sliows a section through a rotary i)iimp with movable but- 
ment. Figure 450 illustrates the j)erfonnanc.(^ of a 45-mm. Siemens- 
Schuckert rotary i)umi) at dilTerent speeds and dischaige pressures, j 




(Zeit. d. Ver. Dcut. Ing., June 24, 1905, p. 1040.) Large rotary pumps 
give much higher ethcic'iunes, but the general characteristics are about 
the same. A combined efficiency of pump and engine as high as 84 per 
cent has been recorded. (7Vans‘. A.S.M.K., ^’ol. 24, p. 385.) 

Screw pum})s may be groui)ed with the rotary positive-displacement 
class. The Quimby screw ])unip is one of the best-known examples of 
this type of pump and consists essentially of two right and left scpiare- 
thread screws revolving in a double casing. The litpiid to be pumped 
is drawn in at the outer ends of the cylinder and forced toward the center 
by the action of the two pairs of intermeshing threads. The discharge 
is from the center of the erasing. Power is applied to one of the screws 
and the sec(md is driven by means of a pair of gears. The screws run 
in close fit with the casing but without actual contact. Quimby pumps 
operate at s])eeds varying from 600 to 1500 r.p.in., depending upon the 
size and service for which they are intended. 

378. Centrifugal Pumps. — There is still a wide field of application for 
piston pumi:)S in small power plants and for certain industrial purposes, 
particularly wheie the quantity of fluid to be handled is small and the 
head pumped against is high; and, under certain conditions, the rotary 
or screw type of pump may be installed to advantage; but in a general 



PUMPS 


053 


sense the centrifugal pump has practieall}?^ supplanted all other types, 
because of its compactness, simplicity, balanced rotary motion, absence 
of valves and pistons, unifonn pressure and how, freedom from shock, 
ability to handle dirty water, and high rotative speed, ])ermittiiig direct 
connection to electric motors or steam turbines. In tlie larg(* modern 
power plant the boiler-feed, circulating, condensate and other auxiliary 




Fig. 45G 

pumps are all of the centrifugal type. Efficiencies as high as 87 per cent 
have been realized with special designs, and 80 per cent is a common 
performance for the better grade of pumps, while the lift is practically 
limited only by the speed of the impeller. While this efficiency is not as 
high as that of a first-class piston pump, the other advantages morci than 
offset this disadvantage. Triple-expansion flywheel pumjiing engines 
show higher duties and, therefore, greater heat economies than the best 
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turbine-driven centrifugal pumps, but that this advantage does not offset 
the low(U‘ first cost of the centrifugal pump cciuipment is evidenced by the 
increasing number of installations of the latter for waterworks service. 

Centrifugal pumps consist of two essentiiil elements, (1) a rotary im- 
peller which draws in the wat(n- at its center, and (2) a stationary casing 
whicdi guides the water to and from the impeller. The centrifugal force 
set up by I’otation of the impc^ller throws the parth^les of w\ater outward, 
imparting energy t.o tluMin At. exit from the impcdlei’, the gain of energy 
appears partly as pressure (potential energy) and i)artly as velocity, 
(kinetic energy). For maximum efficiency, as much as possible of this^ 
kinetic eneigy must be transformed into pressure. This is accomplished^ 
in two ways, (1) by a i)lain casing of sjnral or volute design forming a \ 
gradually increasing w^ater or “ whirlpool ” chamber which minimizes \ 
shock and converts velocity head to ))ressure head, and (2) by fitting the \ 
casing with a series of guide or diffusion vanes which effect the same result. 
Pumps equip})ed with s])iral casings are known as volute pumps, while 
those fitted with diffusion vanes aj-e knowm as turbine pumps. 

Figui'e 457 gives an end view" of a typical volute juim]) with end plate 
removed so as to expose the iin])eller, and Fig. 458 shows a section through 
a modern construction. The ini])eller may be open as in Fig. 459, By or 

closed as in Fig. 459, A. The open design is 
used only in the cheaper pumps and for 
pumping sewage. Volute pumps are usually 
of single-stage construction and ar(‘ designed 
for heads of 150 ft. and under, though they 
are not necessarily limited to low heads and 
to single stages. Since the head is limited 
only by the ])eripheral si)eed of the impeller, 
it is evident that a given lift may be obtained 
by a large-diameter inii)eller revolving at low 
rotative speed or a small-diameter impeller 
operating at high rotative speed. Increase in 
impeller diameter, how^ever, means increased 
area of frictional surface, causing a rapid increase in power loss. There- 
fore, the smaller the impeller diameter and the higher the rotative speed, 
the higher the efficiency, a (condition also true of the driving member. 
The limiting dimension to whicli the diameter can be reduced is that of 
the inlet eye through which the wat('r must enter at moderate velocity. 
For vciy large capacities and high s])eeds, several impellers operating in 
yjavaM are preterred to a single rotor, in order to keep down tke size. Tke 

two-iinpcllrr ilosip;n is known as a bi-rotor pump and the thrcc-irnpeller de- 
sig-n as a tri-rotor pump, and so on, depending upon the number of impellers. 



Fig. 457. Typical C'eritrif- 
ugal Pump. 
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Figure 460 shows a section through a throe-stage i)iiiup illustrating the 
turbine type which is usually of nuilti-stage design. The multi-stage 
pump is in reality a number of single puuii^s arranged in series in a single 



casing, the discharge from the first jninip being directed into the suction 
of the sec^ond, and so on. The deliveiy ])icssure of the last stage is ap- 
proximately the sum of tlu^ heads of each stage. 




Fifj. 459. Basic Types of Iinjx^llers. 

Centrifugal pumps may bo belted, gt'aiod, or rlireet-comiccted to any 
type of prime mover or auxiliary drive, tin; kind of drive depending upon 
the size, type and load characteristics of station. Being a relatively 
high-speed machine, it is well suited to steam-turbine and motor drives. 
In the older stations, practically all centrifugal pumps were steam-driven; 
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l)ut ill the modern plant, the tendency is toward motor drives or a com- 
bination of steam and motor drives, the distribution of steam and motor- 
driven auxiliaries depending upon tlie method of establishing the station 

heat lialance. 

The averagfi centrifugal pump re- 
(piires fiom 20 to 30 per cent of full 
torepu^ at starting and 50 to GO per 
cent of full torque at approximately 
full sjieed, pi-ovidcvl the discharge valve 
is closed. If the discharge valve is 
open during the starring period thfe 
initial tortpie, will be the same, but fulri 
load tonpie will be nKpiiied at nomiali 
s])eed. With din'ci-current supply the . 
motor drive for constant speed may be 
either of the sluint-woiind or compound 
series. The dis(iiarg(‘ valve of the jiump 
should be closed in starting shunt-wound 
motors and preferably so with the compound. I'or variable speed the 
compound motor with about 10 per cent sc'ries winding is ordinarily 
employed, whether speed adjustment is by field or armature operation. 



l'i(j. ^t50a. Diffusinfi, Itin^for Turhiiie- 
(y]K‘ ( \'ntrifue:a.l Puin|). 



Fkj. 400. Worthingt,on Tliroo-stiigc*. '^l\irl)ine Pump. 


With alteriiating-cauTent supply, the s^mchronous, squirrel-cage, slip- 
ring and brush-shifting types of motors are used, depending upon the 
nature of the service and the electric; system available. Synchronous 
motors arc applicable only to the larger pumps operating uninterruptedly 
at constant speed against constant head, but are favored because of the 
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possible power-factor correction and first cost. The application of thif 
type ol motor to centrifiip;al ])um])s is restricted to some extent by iU 
comparatively low speed limitation. The sipiii rel-ca,i»:e motor has n 
definite limit to the starting tonpu^ it will deYC'loj) and cannot be started 
by a direct connection across tlu‘ line except in small sizes. The general 
method of starting is to apply reduced voltage to the primary member 
and, when the rotor is 
up to speed, to throw 
it on the full-liiu‘ voltage. 

For adj ustal )le-s])(a‘d 
operation, the slip-iing 
and th(^ brush-shifting 
types are used. The 
latter is recommended 
where considerable speed 
reduction is to be ef- 
fected. The curves in 
Fig. 401 show the rela- 
tion between input and 
(capacity for a centiifugal 
pump driviui by difierent types of motors, and serve also to show the 
desirability of varying pumi) ea])acity by change of sjx'cd instiaul of by 
throttling. For maximum ('fficiency and satisfactojy ojanation, the pump 
and drive should be considered as a unit and selected ac(‘,ordingly. 

Ceninfiigal Pumps- R. L. I ):uip;lu*r( v, IMcCiriiw-Hill liook Co. 

The Centrifugal Pump- Power Kiigrg., IVl). Jo, p. 2!S,- Aiig. 15, 1920, 

p. 785; Power, Mm-v .‘J, 1921, ]) (iON; Mjlv 17, 1921, p. 779, 

Fitting the Electric Motor to the Pump- Pow(T, Dee IS, 19211, ]). 970. 

Eleclric-moUir Dnre.s foi Pumps: Powvr, July 5, 1921, j) 2. 

Induction Motors Dririug Centrifugal Pumps- Power, Aug. 20, 1919, [>. ^24. 

Driinng Poicer-housc A u riliarics Power, .Ijiii ‘»1, 1922, p 1C)I). 

Electric Motors for Driving Pumps: Power, Sept. 5, 1922, j), ijOll. 

279. Performance of Centrifugal Pumps. — Th(^ df‘sign and theory of 
centrifugal pumps is beyond the scojie of this t('xt., and th(‘ leader is re- 
ferred to the accompanying bibliography for extended study. The funda- 
mental principles involved in the peiformanci^ of ccaitrifugal pumps are 
similar to those of centrifugal fans and may be briefly stated as follows: 

(1) The speed, F, in ft. per sec., of a point, on the periphery of the im- 
peller is equal in velocity to water falling fiom the same height as the 
head in ft. pumi)ed against, A, or V = in which g = acceleration 

of gravity or 32.2 ft. per sec. Conversely, the maximum theoretical 
head or lift is /? = F^/2 g. 



Fig. 401, Relation l)(‘twi'(‘Ti In})ut and Capacity 
for J)iff(‘r(‘ii1 nVpt's of Mol.ors. 
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(2) For a constant diameter of impeller (a) the quantity pumped will 
vary as the speed, (b) the head will vary as the square of the speed, and 
(c) the power will vary as the cube of the speed. 

(3) l'\)r a constant speed and change in diameter of the impeller, (a) 
the quantity pumped varies as the diameter of the impeller, (b) the head 
varies as the scpiare of the diameter, and (c) the power varies as the cube 
of the diameter. 

These laws arc not stiic.tly true, but the departure is small. 

Example 73. — The impeller of a centrifugal pump is 15 in. in diameteij. 
At what speed must il, operate to lift water to a height of 100 ft? 

Solution. — F = V2 7//] = VmA X 100 = 80.4 ft. p(u- sen. or 4824 ft.' 
per min. • \ 

1 ' = 2 Trrri 

4824 = 0.28 X 0.625 X n= 1230 r.p.m. 

This is the speed necessary to lift the water to a height of 100 ft., but 
in order to actually delivcu- water the speed must be increased in order to 
overcome friction and impart velocity to the water. 

The velocity of watei* at the discharge opening of the pmiip varies in prac- 
tice from 5 to 15 ft. i)er sec. A good working range is 10 to 12 ft. per sec. 
The head correspondiTig to the velocity of discharge may be obtained by 
substituting the discharge vciocity in ft. per sec. for V in the preceding 
equation and solving foi’ h. This quantity is ordinarily so small that it 
may be neglected. The friction head may be (estimated as shown in 
paragraph 301). 

The suitability of a centribigal pump for a given service is determined 
from characteristic curves showing the relation of head, s])(',ed, capacity, 
power and efficiency. These curves are based on actual test results and 
vary with the d(\sign of pump. The relationshij) between the various 
quantities is largely controlled by the angles and curvatures of the im- 
peller blades, and the shape of the volute, or arrangement and design of the 
diffusion vanes. If the vanes are radial or inclined forward in the direc- 
tion of rotation, the head will increase with increased delivery, while if 
they are curved backwards sufficiently, the head will remain constant or 
fall off as the delivery decreases. For each set of operating conditions, 
there are certain (characteristics which give the best results, and it is the 
endeavor of the manufacturer to design his pumps to meet these require- 
ments. The usual form of characteristic curves is based on constant 
speed, the curves showing the relation between head, capacity, efficiency, 
and brake horsepower at this speed. Many other curves can be obtained, 
however, by keeping any one of the fundamental quantities constant, and 
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by varying the others. Ordinates and abscissas are ordinarily expressed 
directly in the quantities as o}>sei-ve(l and calculated (see Fig. 462), but 
quite frequently they are based on percentage's, as in I'ig. 463. The 
interpretation of these curves is the same as for fan cJiaiacteiistics (see 



paragraph 158) and need not be discuss('d here. f>inc(' niamifacturers 
furnish curves for their specific produO, and the performances vary within 
wide limits, general curves are without pur])ose excejit for rough approxi- 
mations. 



Fig. 463. Characvoristics of a \Vortliinp;ton “"lype-VII ( Uass-B C'entrifiiRal Pump. 

It has been stated that, for a given pump, the quantity pumped varies 
directly with the specul, the head with tlu^ square of the sp(jed, and the 
power with the cube of the speed. The following examples illustrate the 
application of these laws to a specific case. 
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Example 74. — Usiiifz; the data in Fig;. 462, ealculate the capacity, 
heads, power and efficiency, if the speed is increased from 835 to 1000 
r.p.m. 


Solution. — llatcMl ciipacity at 900 r.p.m. is 2400 p:al. per min. Capacity 
at 1000 r.i).m. = 2400 X KKH) - 835 = 2874 gal. per min. 

Head at 900 r.i).m. and rated capacity is 35 ft. Head at 1000 r.p.m. 
= 35 X (LOOO -h 835)'' = 50.2 ft. 

B.hp. at 900 r.j).m. and rated capacity is 35. Br.hj). at 1000 r.p.m. = 
28 X (1000 -f- 835J'‘ = 48. (Actual t(‘sts of the pump in (luestion at 
1000 r.p.m. gave the following results: Caj)acity, 2850 gal. per min.; 
head, 51.5 ft.; and j)ower, 40.5 br.h]).) I 

II the laws just cited arc* strictly true, the efficiency at 1000 r.p.in.\ 
jnust nec'.essarily l)e the same as at 835 r.]).m., since* the product (1000 \ 

835) (1000 ~ 835)“ in the numerator is c*,anc‘nll(Hl by (1000 ^ 835)'^ in the \ 
dencjininator, thus: 


Fff. 

Eff. at, 835 r.i).m. 


p]ff. at 1000 r.p.m. 


Total head (ft.) X cai)acity (lb. i)er hr.) 

337xxrx"br.hix 

35 X 2400 X 8.35 


33,000 X 28 


= 0.70. 




33,000 X 28 


/loooy 

U357 


- - 0.7G. 


(Actual test efficiency = 0.798.) 

Size does not influence the c*,fficieiicy of a centrifugal innnp, provided 
the combination of hciul, ca])acity, and speed is favorable; but for the 
conditions usually met with in practice, the following efficiencies are 
consei vative foi- rough api)roximations. 


Normtil Ctipuclly 
( Jill, poi Mm. 

lo/r 

I’er t’oiit 

Normal Capacity 
Gal per Min. 

j: 

Pel 

IT. 

C'ent 

A 

li 

.1 

B 

100- 150 

50 

45 

15(K)-1800 

72 

70 

200- 

55 

50 

2000-3(K)0 

75 

72 

400- 0(K) 

00 

50 

3500-4500 

70 

73 

050 000 

05 

02 

5000-0500 

77 

74 

950- KlOO 

70 

08 

Over 0500 

78 

75 


A , Siiiglo-st:iKo up to 150 ft heud. B. Multi-alago over 150 ft. head. 


Efficiencies as high as 87 per cent have been realized with special designs 
when operating under favorable conditions, and 80 per cent is common 
practice with the larger and better grades of modern pumps, so that the 
values given above should be considered as '' average ” only. 
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Characteristic Cunm of Centrifugal Pumps. Power, Oct. 23, 1923, p. 653. 

CejLtnfugnl Pumps: Power, Mar, 3, 1921, p. 698; Mav 17, 1921, p. 780; May 20, 
1919, p. 763. 

Centrifugal Pumps: Power Plant Kiij^rR , Aug. 15, 1920, p 7S5; Feb. 15, 1921, p. 218. 

Parallel Discharge of Centrifugal Pumps Power, Aug. 6, 1920, p. 554. 

280. Vacuum Pumps. — ''riio difbM'pnl ty])Os of viicuuni pumps em- 
ployed in steam powei* plant practice may be divided into four general 
classes : 

1. Wet-air pumps. 

2. Tail or removal Pumps. 

3. Dry-aij’ pum])S. 

4. Condensate i)umps. 

• 

(1) Wet-air puaips are for tlie purpose of VAdthdravving water and non- 
condensable gases from a 4 )para.tus under less Ilian atmosjilieric i)ressur(\ 
Standard low-level jet-comUaiser w(‘1-air pumps handle simultaneously 
the circulating water, condensate, and all entrained air a-nd are, in fact, 



Fig. 464. Clumictcrislics of an Alli.s-C3j aimers “4'yf)e-S” (Vntrifugal Pump. 

a combination of circnlating pump and vacuum pump. Surface-condenser 
wet-air pumps deal with the condensate and its air entrainment. Wet- 
air pumps may be of the reciprocating, centrifugal, rotary-jet, rotary, 
positive-displacement, or stcarn-jet type. 

(2) The terms '' wet-vacuum pump,” “ wet-air pump,” and '' tail 
pump ” arc often used synonymously, but in order to differentiate be- 
tween pumps handling injection water, (*ondensat(‘, and air, and those 
dealing only with the injection water and condensate, the term “ wet-air 
pump ” has been applied to the former and “ tail pump ” to the latter. 
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(3) Dry-air pmnps are for the purpose of withdrawing the non-con- 
densable gas and entrained vapor from apparatus under a vacuum and 
discharging it against atmosphc^ric or greater pressure. They are, to all 
intents and purposes, air e.onipressors. The term dry air is a misnomer 
since the gases exhausted are almost invariably saturated with water 
vapor. Thc'se pumps may be of the reciprocating, rotary, positive-dis- 
placement, hydro-centrifugal, or steam-jet types. 

(4) Condensate pumps are for the puri)ose of withdrawing condensed 
steam from surface condensers and are usually of tlui reciprocating, rota- 
tive or centrifugal ty])es. 

281. Wet-air Pumps for Jet C'ondensers. — Figure 405 shows a section 
of the cylinder of a Dt^an twin-cylinder wet-air pump as applied to a 
standard low-level j(4. condcuisei- and is illustrative of the recii)rocating 

type. There are three sets of valves, 
the suction or fool valves A, A, the 
lifting or bucket valv(\s B, and the 
head or disehaige valves (\ C. On 
the upward stroke of the })istoii or 
Inicket, a partial vataiuni is formed 
in the chamber Ix'tween the bucket 
and the lower head, causing the water 
and air in the bottom of the barrel to 
lift the foot valves A, A from their 
seats and flow into the (ylinder. On 
th(^ downward stroke, the foot, valves 
A , A clos(i and water and air are 
entrapped in (iiamber R lietween the 
lower head and the bucket. As the 
bucket descends, the piessure of air 
in the cylinder lifts the bucket valves 

Fig. 465. Dean Wot^air Pump. ^ from th('ir seats and permits 

the air and water t.o escape to the 
upper portion S of the cylinder between the head plate and the bucket. 
On the next upward stroke, the water and air are forcxxl through the 
discharge valves C, C into the hotwell. This discharge of water and air 
from the top (iompartment is simultaneous with influx of water and air in 
the lower chamber. 

Figure 46G shows a vertical section and sectional end elevation of a 
Rees Roturbo rotary-jet condenser illuvstrating an adaptation of the 
rotary-jet pump as a jet condenser. This pump is a development of a 
special type of centrifugal pump, the unique feature of which is the em- 
ployment of a revolving pressure chamber. The hollow impeller, Fig. 
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466, lifts the circulating; water in much the same manner as in any (uui- 
trifugal puuip. The space between the periphery of the impeller and the 



Water 

Uia. R(‘(‘-s “ItoUiibo” ,f('t Uonih'iisor. 


inner circumference of the fan whe('l forms 1h(' mixing clja,ml)er in which 
the exhaust steam is brought, int,o c.onta(*t with radial j('ts of water. The 
fan wheel itself acts as an (‘jector and ex- 
hausts the mixt\ire of circulating water and 
vapor. The operation is as follows: circula- 
ting water is drawn through ihi‘ suction pipe 
into the revolving i)ressur(^ chand)er, on the 
periphery of which noz/les are arrangCMl as 
shown in Fig. 407, and is forced through the |^^/// 

nozzles in radiating jet,s which are arranged % I L 

to impinge in pairs. The water jets, whic'.h 
are made fan-shaped and subdivided into 
a fine spray, are projected in lines radiating 

from the shaft (but still rot.ating as a whole M 

with the impeller) across a sx)ace into which 

the exhaust steam blows. The circulating 

water leaving the nozzles, condensate, and ,, , n r 

air entrainment are picked up by the blades « Roturbo ” Jet C^ondenscr 

of the fan and discharged through a volute Pump. 

guide chamber to the hot well. 

The Connersville jet condenser is a tyi^ical example of an appli(;ation 
of a rotary positive-displacement wet-air pump. In this device the cir- 


Fn;. 467. Impeller for Rees 
“ Hoturbo ” Jet Condenser 
Pump. 
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oulatiiig water, condensate, and air entrainment are handled by a Conners- 
ville, cycloidal, 3-lobc tyjK; r(jtary piimji. (A cross scT.tion through a 
typical 2-lol)e cycloidal pump is shown in Fig. 454.) 

The steam-jet type of wet-air pump is exemplified in the ejector con- 
denser. See paragraj)h 285. 

Wet-air Pumps for Surface Condensers. — These pumj)S exhaust 
the condensate and air enirainment, from surfa(;e condensers. The 
vacuum pumps of a st(iam heating system also come under this head. 

The Edwards air pump, Fig. 4()8, is a typical example of a wet-ah- pump 
of the reciprocating type*. HeTerring to Fig. 4()S, Ihe condensed steanj 
flows continuously by graviiy fimn the condenser into the base of thd 

punj]) through i)assag('. A and annular space BA 
As the inston G dc‘s(‘ends, it forces the water! 
from the lower part of the (‘.asiiig F into the 
cylinder projKa- through the* ])orts /^, P. On 
tlu* u])ward stroke tJie ports in the piston 
are (‘losed and the* air* and water dischai'ged 
through head valves J) and exhaust port E to 
th(‘ hotweil. The seats of valves I) are (;on- 
structed with a rib betwetMi (‘axil valve and a 
lip around the outx'i* (Hlg(‘, so that each valve 
is water-sealed indepcmdently of the others. 
In ordinary air pumps, the clearaiux* between 
the buck(‘t and head-valve seat is necessarily 
large, due to the sjiace oc(‘U])ied by th(^ bucket 
valves and the ribs on the und(‘r side of the valve seating. This clear- 
ances si)ace I’educes tiie cajiacity of the inmip, since tiie aii‘ above the 
bucket, must. b(^ coiujitcsscmI above atmospheric pn'ssure before it can be 
discharged, and ofi the return stroke will expand and oc,cui)y a space 
which should be availabk* for a fresh supi)ly of air from the condenser. 
In the Edwards air jiuiu]) tlu* (iearance sjiace is reduced to a minimum, 
since there are no buci^et. valves to limit it. The absence of suction or 
foot valves still furth(*r increases the capacity of the pump for similar 
reasons. These iiuinps aie arranged either single, double, or triplex; 
steam, electric., or bedt.-driven ; slow or high speed. 

Figure 409 shows a jiartial axial and an end secjtion through a C. H. 
Wheeler Manufacturing Co. high-vacuum “ Rotrex ” pump. This pump 
is of the wet-vacuum type and handles both air and water of condensation 
but it is also adapted for dry-air purposes. The apparatus consists of a 
cylindrical casing and a rotor mounted eccentrically on the shaft. This 
shaft is carried in outboard ring oil bearings which arc entirely independent 
of the stuffing boxes. The division between the suction and discharge 
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space in the pump cyliiiclo]’ is maintained by a radius cam carried on a 
shaft independent of the siiifhng boxes. This cam is operated from the 
rotor shaft by a lever and crank on the outside of the casinp;. The clear- 
ance spaces are water-sealed. 'FIk' dischar^i' valves are of the Ciutermuth 
type. Pump si)eed 200 to 300 r.p.m. The manufacturers guarantee 



that on dead-end test a vacuum may be o))tained within one-half inch 
of the barometei*, and within one inch of the barometer under o[)cratinK 
conditions. 

383. Size of Wet-air Pumps. — Since the wet-air i)ump for a jet con- 
denser must deal with tlie mixture of injection water, condensate, and all 
air entrainment,, the ])r()])lem of desi^Fi is (‘sscmtially tliat of determining 
the volume of mixture to be withdrawn mid(‘r conderFS(‘r j)ressiires and 
temperatures. The volume of inji'ction wat(‘r and (joiidcmsate for a given 
set of conditions may be leadily (‘alculated, but the volume of air en- 
trained with the injecthjn water and (condensate and that introduced by 
leakage is an unknown (piantity and can only be estimated. The amount 
of air mechanically mixed with the injection may vary from 1 to 5 per 
cent by vcjlunu' at atmosplKuhc i)ressm-e and temperature. The amount 
of air in feedwatei* varies from less than 1 i)er (cent by volume, if the heater 
is of the open type, to 5 per (cent or moje if the lieater is of the closed type 
and raw water is fed directly into the h(cat(ir. Air leakage is an unknown 
quantity varying within wide limits, and is d(*pendent upon the tightness 
of joints, stuffing boxes and the like. A very lif)eial factor is usually 
allowed for air entrainment, leakage, and i)ump slip, .an average figure 
being about 10 per cent by volume of the circulating water for the com- 
bined air and wet -vacuum pump for jet condensers and 10 per cent by 
volume of the feedwater for surface condensers. 
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Let Q = total volume of air and water, in cu. ft. per hr., to be handled 
by the pump, 

V = volume of cooling water in cu. ft. per hr., 

V = volume of condensed steam in cu. ft. per hr., 

Va = vohmie of air-vapor mixture to be exhausted per hr., 

Wi = air leakage, lb. per hr., 

ta = temperature of the air in the condenser, deg. fahr., 

= temperature of the discharge water’, deg. fahr., 
to — initial temperature of the cooling water, deg. fahr., 

Pa = atmospheric, irressure, in. of mercury, 

Pc = total pressure in the condenser, in. of mercury, 

/jp = pressuj’c of acpieous vapor at temperatur e 
then {V + 7^ = volume of water to be pumped fr’om the condenser per hr. 


The volume of air-vapor mixture to be removed per hr. may be calcu- 
lated from equation (135), thus 


Va = Wi 


0.754^ 

Pc Pv 


(259) 


And the total volume to be exhausted per hr. by the pump is 


Q = V V + uh 


0.754 7^a 

Pc - Pv 


(260) 


Example 76. — Calculate the piston displacement of a wet-air pump 
suitable for a 1000-hp. piston-engine plant operating under the following 
conditions: Water rate 16 lb. per* i.hp-hr.; initial stream jrressure 150 lb. 
abs.; vacuum, 4 in. abs.; injection water 70 deg. fahr.; hotwell 110 deg. 
fahr.; air leakage and entrainment 7.5 lb. per tliousand cu. ft. of injection 
water. 

Solution. — Here pc = 4, p„ (from steam tables) = 2.59, k = 70, ^ = 
ta = 110, V = 0.04 F (from equation 204), ivi = 0.00751^ (by assumption). 

Substituting these values in equation (260) and solving 

0 754 V 570 

Q=V + 0.04F + 0-^^«75F = 3.33 F. 


Average practice gives 3 F as the piston displacement per hr. for a 
single-acting pump and 3.5 F for a double-acting pump, the cylinders 
being ordinarily proportioned on a piston velocity of 50 ft. per min. at 
rated capacity. 

Wet-air pumps are usually independently driven, making it possible to 
vary the speed of the pump irrespective of the engine speed and to create 
a vacuum before starting the engine. Occasionally, however, when the 
load is constant, as in pumping-engine practice, the fnimp may be driven 
by the main engine. 
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The combined air, condensate and circulating pump (with the exception 
of pumps of the Rees ‘‘ roturbo jot type) is not adapted for high-vacuum 
work on account of the enormous increase in air volume at very low pres- 
sures. With cold injection water and a good air-tight condensing system, 
vacua as high as 2 in. al)s. are ]M)ssil)Ie with the standard type of jet- 
condenser air pumps, but, ]nact,ice recommends the use of separate air and 
wet-vacuum pumps for vacua higher than 20 in. 

Since the wet-air pump for surface condenser handles only the condensed 
steam and air, its theorc'tical capacity, neglecting clearance, may be deter- 
mined by eliminating V from c(iuation (2()0), which then becomes 

0 7 TAT 

Q = + (261) 

t>< ~ J^v 

The volume of air enteriilg the condenser varies so much with the 
character of the ]K)wcr plant, ecpiipment. and the conditions of operation 
that any assumed aveivige valm^ of Va may lead to serious error. 

Average steam-turbine practice gives 

Q = 20 r foj’ 20-in. vacuum, 

Q = 30 c for 27-in. vacimiri, 

Q = 40 V for 2S-in. vacuum, 

Q = 50 V for 29-in. vacuum. 

Average reciprocating engine practice gives 

Q = S5 pc'i' c,(mt of above for vacua up to 27 in. 

284. Tail or Removal Pumps. — As previously stated, the term “ tail ** 
pump has been ay)i)lied to pumps which deal with the; combined circulating 
water and condensate',, merely 
to distinguish between this 
type and that dealing with 
the entire condtaiser-water 
supply including the air en- 
trainment. In practice the 
terms tail pump and wet-air 
pump are used synonymously. 

Almost any type of water 
pump may be used for the 
purpose of withdrawing the 
combined circulating water 
and condensates, but the 
centrifugal pump appears to be the more common in use. A typical 
tail-pump installation is shown in Fig. 370. The Leblanc jet condenser, 
Fig. 339, and the C. H. Wheeler low-head high-vacuum jet condenser, 
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Fig. 340, involve the uho of centriLigal tail pumps. The power required 
to drive this style of pump may he caleulated from equation (262). In 
this eonneetion the total head ])umpe(l against must iiududc the suction 
head due to the vacuum in the condenser. 


285. Dry-air or Dry-vacuum Pumps. — Dry-air oj‘ dry-vacuum pumps 
are used in contiection with jet or surfa,ce condensers where a high degree 
of vacuum is (\ss('ntial, as in steam-turhine practice. Such pumps are 
intended to exhaust, the saturated non -condensable va])ors only, and are 
in reality air conipn^ssors. Air i)unips for jet condensers must deal with 
much larger volumes of air than those for surface (condensers, other things 
being equal, beciuise of the air entrained with th(' circulating water. Dry- 
air pumps may be divided into four gemu'al groni:)S‘ (1) lecciprocating- 
piston, (2) positive rotary-disidacement, (3) hydro-centrifugal and (4) 
steam-jet. 

Pinton Type: Figure 470 show's ii section thiough the cylinder of a 
Wheeler dry-vacuum pump, illustrating the single-cylinder, single-stage 
reciprocating-piston group. The adjiiissicm valv(\s A and A are mechanic- 
ally controll(‘d and the discharge valv(5s ar(' of the usual spring-loaded 
type. The rotary admission valves are adjust('d so that for a short instant 

at dead center communication is 
established between both ends of the 
cylinder so as to reduce the air pres- 
sure in the cloa,niTic(‘ s])ace dowm to 
the suction pressure on tluc other side 
of the piston. 

Figure 471 show^s a section through 
the cylind('r of a Laidlaw Feather- 
Valve single-cylinder two-stag(' dry- 
vacaium jaimp which possesses some 
advantages over the single-cylinder 
mechanism in that a two-stage effect 
is produced in one cylinder. The pump is single acting, but the higher 
volumetric efficiency practically balances 1h(i double-acting feature in the 
ordinary single-stage pump and permits the use of practically the same 
size pump for a given capacity. The vah^es are thin strips of ribbon steel 
similar in appearance to clock-spring stock. These flexible strips seat 
tightly on ground-faced slotted seats, and in opening flex against solid 
curved guards, the ends remaining in contact with the seat at all times. 
Mechanically actuated valves are entirely absent. The c.ycle of operation 
is as follows: With piston moving as indicated, air is drawn into the 
head-end of the cylinder until the piston reaches the end of its stroke. 
On the return stroke, the air drawm in the head end of t he cylinder is trans- 



Fifj. 471. 


Two-.«tMp:(' Siritj;l(vcyliiKl(’r 
Dry-air Pump, 
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f erred (at condonsor pressure) Ihroupih passage 1) and valve E to the 
crank end of the cylinder. On the newt stroke, the air charge is coni})ressed 
through valve // to somewhat more (lian atmospheric [)ressure. 

Hydraulic Type: T\\v Leblanc Air Pump, Kig. Wheeler Turbo- 
air Pump, h"ig. 472, and tlu' Worthington Hydraulic Vacuum Pump, Fig. 
473, are well-known ('x:mii)les of (In' hydi*aulic or hiirling-watcr dry-air 
pumps. They diffi'r vc'ry litth' from 
each other in piinciplc' hut vary 
widely in mechanical const iviction. 

In these piimj)s, ('nt raining oi lmi*l- 
ing water is 1n-k(‘n from a ciicMilating 
tank and hurled hy c('ntiifugal foice 
in thin slunds or ])ist,ons int() a 
diffuser or disci iarg(' cone, (‘ach shcM't 
or piston carrying with it a la>(‘r of 
saturated air drawn in from th(‘ con- 
denser. The water is used ov(‘r and 

.. , , Io(j. '172. DjattraiJiinatic, ArranRenicnt 

over again with an addition of al.oiil ,, 'r„rt,o-air 

10 per cent irndvcup to keej) down tlu* PuTnp. 
temperature, since veiy little Inait 

is abstracted from the air-va])or mixture. In some installations, the hurl- 
ing water is recirculated through cooling toils so that discharge to over- 
flow and makeup for lowering the t(‘mj)erature ai(‘ not necessary. The 




REVOLVING 
JET WHEEL 


cooling water tised is by-passed around the 
condenser, l)eing taktm fiom the discharge of 
th(‘ circulating puni]) and returned into the 
discharge pipe imm(*diately after the condenser. 
The hydraulic typi' of air pump is used in 
large condenser installations in preference to 
the reciprocal ing-j^iston lype chiefly because of 
its compactness, high air-rtnnoval capacity, and 
a1)ility to carry overloads. The reciprocating 
])ump shows ii decreasing capacity with increase 
in vacuum and finally reaches a point where 
the capacity becomes zero. Owing to the in- 
cieased water velocity at high vacua, the hy- 


Fig. 473. Worthington lly- (ii-jj,ulic air i)ump inca'eases its capacity as the 
dnuilic Vacuum Piunp. vacuum increases. The hydraulic air pump, 


however, requires from two to three times as much power as the piston 
pump and is slow in starting. Thes(' pumps are invariably of the high- 
speed type and are driven by steam turbines or motors. 

Steam- Jet Type: The modern steam-jet air pump has practically sup- 
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planted other types for steam condensers, because of its compactness, 
total absence of moving parts, simplicity of operation, and high efficiency. 
The Parsons vacuum augmentor, Fig. 474, was one of the earliest practical 
applications of a steam j(^t to condenser operatic)!!. In this connection, 
the jet merely acted as a booster and increased llie air prcjssiire by a few 

inches, so that, with a vacuum of 
28 in. in the conckuiser, the vacuum 
at the air j)ump suction would be 
about 20 in. 

The modern stea!n-jet or air- 
ejector is constructed in a variety 
of fonns, but for the purpose at 
hand !nay be co!ive!iiently classi- 
fied as (1) single-stage in which 
the compression is effected in one 
set of nozzles, and (2) two-stage in which the first stage dis(4iarges into 
the suction opening of a secondary stage. Both the si!igle and two-stage 
machines may be operated conde!ising or non-condensing. If the cooling 
takes place between the first and seco!!d stage, the d(\sign is designated 
as of the inter-cooler type, and if the second stage is also (Hpiippc'd with 
a cooler, the design is designated as of the inter-after-cooler type. The 
nozzles are of either the single or multi-jet type. 



Fig. 474. Parsons Vacuum Augmentor. 



Single-nozzle Ejector. 


Btcuu Chunber C^p 



Fig. 476. Single-stage Multi- 
nozzle Ejector. 


Figure 475 shows a section through a typical single-stage single-nozzle 
ejector consisting essentially of a single divergent steam nozzle discharg- 
ing into the conventional form of compression tube. Steam issues from 
the nozzle at a velocity of 2000 to 4000 ft. per sec., depending upon the 
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initial steam conditions and })ark pressure, draws in the air-vapor mixture 
around the nozzle and (lis(‘liarf»i*s it through the compression tube against 
a greater pressure than that existing at the suction. By employing a 
number of nozzles in place of the single nozzle, l''ig. 47(1, the air entrain- 
ment capacity may be greatly incrc'ased for the same weight of steam 
discharged. Careful expeiiinental work has shown that the maximum 
economi(^al coinpiv\ssion ratio in a singk* ejector should not exceed about 
eight to one. While it is ])ossil>le to ol>tain a vacuum within one inch of 
mercury abs. by a single-si agt^ ej(‘ctor, ex- 
periment shows that tlie steam consumption 
is very high foi' compr('ssion ratios exceed- 
ing one to eight. Tlio single-stage machine 
is suitable foi* installations^ in which the 
discharge from the nozzle can lx* utilizt'd for 
feedwater heating or wdier e vacua higher t han 
three in. abs. are not essential. 

The C. H. Wheeler radojet pump was one 
of the earliest Anu'rican designs involving the 
compound or two-stage i)rinci])l(i aiid was 
largely instnimental in p()])ulanzing the 
ejector ty])(' of i)um]) for condenser seivice. 

In this design, the pi imary j(‘t withdraws the 
saturated air from the condenser and com- 
presses it t,() four or five in. above condenser 
pressure and the s(‘condary jet picks u]) the 
discharge from the primary and force's it out 
against the existing back pressme, 1 he^ 
secondary jet is radial in fonn and discharges 
into an annular volute chamber. This form 
of nozzle causes the steam to spread out 
into a disc shape and in a direction which 
is perpendicular to the axis of the steam nozzle, lliis permits of an en- 
largement of the entrainment surface for a given mass of steam and also 
allows both sides of t his disc-like jet to entrain the air in passing across the 
second-stage suction chamber. 

By placing an int(‘r-cooler, either of the jet, or surface type, between the 
two stages, the stc 3 am from the first-stage jets is entirely condensed. The 
second stage, therefore, has only air to compress and since the air is but a 
small poiiion of the air-vapor mixture from the primary stage, the steam 
consumption of the second stage* is greatly reduced and the total steam 
consumption of the combined stages is one-half that of a single-stage 
machine of equivalent air capacity. 


I’niT ary 



Fig. 477. Radojot Pump 
vvi t hou t- 1 11 



672 


STEAM POWER PLANT ENGINEERING 


ITgure 478 shows a section through a West in^ 2 ;ho\ iso steam-jet air pump 
of the jet inter-eondeiiser type ilhistratinp; a modern application of the 
steam ejector for air-removal [lurposes. Steam enters as indicated and is 
led to the primary and secondary staf>;(' nozzles throiij»:h suitable strainers. 
Leaviiip, the ])i'imary nozzles at hij!,h velocity, Ihe steam and entrained 
air are delivered throup;h the ])riniary compression tube to the inter- 
cooler at a pressure of four or five in. of iiHuc.ury. The steam is condensed 
in the iritcr-cooler by contact with coolinj!; water. The latt(U‘ is taken 

from the circulating!; water 
siipidy if the main condenser 
is of the jet tyi)e or from the 
hotwell if the cond(Misei’ is of 
^he surfa,c(‘ type. Aij- (*ntraiu- 
ment passes from tln' primary 
discharge' to the secondary 
suction chamber. From this 
point the air is discharf!;ed 
with the st-ejuii from the 
secondary nozzles throuf!;h the 
se(‘-ondary compression into 
the atjiiosi)her(', while the 
water from the inter-cxjoler 
tofjether with the condensed 
steam from tlu^ piiinary stage 
is drawn back to the main 
condenser hotwell through a 
looped j)ipe. The back })res- 
sure at, the discharge opening 
of the se(X)ndary stage should 
not exceed 1 lb. gage, other- 
wise considerable incioase in 
initial steam pr(\ssure would 
be necessary and the steam consumption would be gieatly increased. 
Without the inter-cooler, the same quantity of air-vaj^or mixture can be 
handled, but a much larger quantity of steam would be necessary for 
operating the second stage. 

Figure 479 shows a section through a V. II. Wheeler ‘‘ Radojet ” air 
pump of the inter-after-cooler type illustrating the latest practice in this 
class of pump. This design is similar to the surface inter-condenser type, 
with the addition of a compartment for condensing the steam from the 
secondary ejector. As this after-condenser ” is of the surface type, the 
heat from the secondary steam is absorbed by the water flowing through 



Fig. 478. Wostmghouse Stcjiin-jct Air Puiiii) 
(Jot liitor-coolor Ty])o). 
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the tubes, while the air escapes through the vent as shown in the illustra- 
tion. There is no mixing of 
air and water. The passage's 
are arranged so that the* water 
flows first through tlu' iiitc'r- 
condenser a,nd then through 
the after-eon del i se r . 

With ail' i)Uin]xs of the inter- 
after-eooler tyi)o, no other air- 
removal eciuijinumt is neees- 
saiy. 

^86. Size of Dry-air Pumps. 

— The volumetric capacity o^f 
a dry-air ynimp for condenser 
service is based upon cxpc'ri- 
ence ratlier than theory, lie- 
cause the amount of air in 
the steam and the air filtra- 
tion are vc'ry uncertain (juan- 
tities. Since tiie aii* to be 
dealt with is saturated with 
water vapor, the iiump dis- 
placement 01 * its (Mpiivalent 
will b(^ inu(‘h larg(U' t han if dry 
air only were suiiplied. The 
weight of water vajior which 
must be exhausted for a giA^en weight of dry air for difTerent vacua and 

air-pump siic.thm temperatures 
is shown in Fig. 335. The great 
reduct ion in volume effected by 
cooling th(' air-pump suction is 
clearly shown. The marked 
superiority of counter-current 
over parallel-current flow in the 
older designs of jet condensers 
is chiefly due to the greater 
reduc>tion in temperature of the 
air and its vapor content. 

The curves in k^igs. 480 and 
481 may be used as a guide 
in estimating the weight of dry 
air to be handled by a dry-air pump under different vacua and tem- 



Fk;. 470. 


Ihulojf't, Air Pump with Int/Cr- 
.•iflcr-coolcr. 



Fio. 480. 
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peratures, but they must be used with caution since they do not allow 
for excessive air leakage. These curves give the weight of dry air only. 
In order, however, to exhaust the given quantity of dry air, the vapor 
entrainment must also be withdrawn. Tlu* ratio of vapor to dry air in 
the saturated mixture may be calculated from eciuatioii (195) or it may be 
taken directly from the curves in Fig. 335. The applications of these 
curves are best illustrat ed by a specific; example. 

Example 77. — Required the air pump capacity for a 10,0()0-kw. sur- 
face condenser installation using 125,000 lb. of steam per hr., vacuum i 
28.5 in., inlet and outlet tcmiperaturc; of the circulating water 70 and 80 
deg. fahr. respectively. 

Solution. — From Fig. 481 the dry air lc;akage corre^sponding to 125,000 
lb. per hr. is found to be 33 lb. per hr. Assuming that the air-vapor 
mixture is withdrawn at a temperature cc)rresj)on cling to the mean of 



Fig. 481 . 

the circulating water (= 75 deg.), we find from Fig. 335 that, the ratio of 
water vapor to dry air at this temperature and absolute pressin e of 1 .5 in. 
is 0.89. Therefore, the air pump capacity is 33 X 1.89 = 02 + lb. of 
air-vapor mixture per hr. 

It is usual, for surface condensers, to provide (wo steam ejectors, each 
of capacity as obtained by use of these curves, and, for jet condensers, 
two ejectors of a total capacity as indicated by curves, as the jet curves 
are based on maximum air entrainment in injection water and an ap- 
preciable amount of air is carried out through the removal pump. 

For dry-air pumps of the reciprocating-piston type, the ratio of piston 
displacement to volume of condensate is approximately as follows: 




20 to 1 for 2()-m. vacuum 
30 to 1 for 27-in. vacuuiu 
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40 to 1 for 28-in. vacuum 
50 to 1 for 29-in. vacuum 


075 


The curves in Fi^. 482 pve a comparison between the performance of 
an hydraulic air pump with 70 deji;. fahr. hurliiif*; water temperature and 



Yui. 482. Comparative TesLs of Turbo-air Piimi) vs. Two-stage 
Steam Ejector. 


that of a steam-jet eject-or with inter-(;ooler. These curves are applicable 
only to the particular designs testod but serve to show the general charac- 
teristics of the two types. The curves in Fig. 483 arc of interest in show- 
ing the relation between steam 
consumption and air-rernoval 
capacity of a Radojet ” air 
pump with and Avithout inter- 
cooler and with ])oth stages in 
operation Avheii I'Airnished with 
dry steam at. 100 lb. gage*, at 
ea(!h stage. 

The al)Solute initial pressure 
at the jet should be approxi- 
mately eight times the maxi- 
mum allowable bi.'ck pressure. 

Further in(Tease in initial 
pressure fails to increase the 

vacuum and merely increases the steam consumption. 



Ek;. 483. Performance of Radojet Air Pum[) 
when Handling Atmospheric Air. 


The Si^e of l)n/-v(icuuni Puuip to Employ in a (liven Case. Trans. A.S.M.E., Vol. 44, 
1922, p. 437; Power, July 8, 1924, p. 52. 

Dry-vaciuim Pump Cnpacity Teda: Power, .June 14, 1921, j). 990. 


287. Circulating Pumps. — In general, circulating pumps for surface 
condensers arc designed for large capacity against comparatively low 
heads. Except in some of the older stations, these pumps are of vertical 
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or horizontal centrifugal type. For heads of 25 ft. or more, single impeller 
pumps arc recommended, driven cither by lurl)irie or motor or both as 
may be dictated by the hcMt l)alance of th(j plant. In large installations 
multi-rotor pumps aj*e usually installed so as to accomniodale high-speed 
operation to low heads of 15 to 25 ft. Steam-turbine driven pumps give 
the highest flexibility for eondemser operation on a(a*oimt of the ease with 
which the speed can be changed to take care of fluctuations in head; or, 
under constant head (jonditions, to increase or decieasci the quantity of 
water required. This is also true of the variabl(‘-s])ee(l motor drive, but 

until (piite recently centrifugal 
circulating i)umps were oi)eiatcd 
with constant-si)eed motors with 
no^attemi)! to regulate the sup- 
ply of water-. Some of the more 
recent installations ejiiploy two 
constant-sprnal punii)s on a single 
cond(‘ns(M- having a divided 
water-box cojistruction. These 
pumps are provided with flis- 
cliarge valves as well as a by- 
pass valve so that, either pump 
may be used to su])ply water to 
the entire condenser, or each pump 
may supply water to one-half 
of the condenser- independently 
of the other half. The economies effected by this combination have not 
come up to expecitations. In the very latnst lai-ge central statioTis, there 
are two pumps to a single condensei-, eacdi e(niii)ped with a variable-speed 
motor. This arrangement gives a])proximatcly the same efficiency at 
reduced flow as at maximum flow and effects a considerable saving in 
power over the single-pump installation aside fioni iiuaeased flexibility 
of operation. 

The power recpiired by the circulating pumps is the largcvst item of the 
condenser auxiliaries and, therefore, every effort should be made to reduce 
the pumping head and the recpiired ciuantlty of circulating water to a 
minimum. Where it is possible to seal tlu^ cii-culating-water discharge 
pipe, the system operates as a sijflion and the statit- head is the difference 
in level of intake and tlischarge tunnels. Where the discharge head 
cannot be sealed, the static head is the diffeuTnee in level of intake water 
and the top pass in the condenser. The total head pumped against in 
any case is the sum of the static head (suction plus discharge, friction 
head lost in the condenser and piping and velocity head). The brake 



Fig. 484. Pcrforinjince Curv(‘s of ji Tvpi(‘:il 
Circulating Pump Installation. 
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horsepower necessary to deliver water by any type of pump is 

Pr.hp. - ir 77; 33, 000 A’ (202) 

in which 

W = weifthi of water delivered, lb. per luiii., 

H = total head, ft., 

E = mechanical eth ciency of tlic ])iimp. 
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Wabash lliver. 

20,000 

2 

2r),ooo 

17)0 

('onst ant-sixaal motor 

Wauk(',gan 

2:),0(K) 

T 

:k‘).oo() 

soo 

2-spe(Ml Tiiotf)!’ 

C\)nsl anl-sp(‘ed motor 

Weymouth 

so , 000 

2 

.'jO.OOO 

:;tM) 


The static head of course remains constant, other conditions being the 
same, for all lates of flow, but the fri(-tion increases aj)])roximately with 
the square of the (juantity j)umped. This is illustrated in Fig. 487. The 
friction through the condenser tubes may be calculated by means of 
equation (279) and th(' friction through the pipe and fittings as shown 
in i)aragraph (309). 

Example 78. — Calculate the power recpiired to drive the circulating 
pump for a surface condenser installation wIh'u operating under the 
following conditions; Maximum capacity of main turlnne 10,000 kw., 
water rate of turbiiu^ and auxiliaries la 11). ])(‘r kw-hr., ratio of cooling 
water to condensate (iO, suction head 5 ft., friction head 20 ft., static dis- 
charge head 15 ft., inmip efficiency 78 per c(uit, pump discharge velocity 
15 ft. per sec. 

Solution. — The velocity head = g = 15V64.4 = 3.5 ft. 

From equation (262), 
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„ ^ 15 X 10,000 X 60 (5 + 20 + 15 + 3.5) ,,,,, , 

Br.hp. = 60 X 33,000 X 0.78 = 


If the pump is motor-driven, allowing an overall motor efficiency of 
85 per cent, the pump will require 

254 + (10,000 X 1.34 X 0.8.5) = , " ^ 

‘ mam geiK'ralor output. 


Control of Circulating Water: Report of Prime Movers (bmrnittee, N.E.L.A., 1923, 
Part B, p, 89. 


288 . Centrifugal Boiler-feed Pumps. — In pow(‘r plants having capaci^ 
ties over 500 b.hp., direct-acting and power-driven tiiplex boiler-feed\ 
pumps have been largc^ly superseded by multi-stag(i centrifugal pumps.', 
For plants under 500 hp. the direct-acting puni]^ offers the advantage of \ 
low first cost and ease of operation. In the modern plant, centrifugal 
boiler-feed pumps are driven by motors, steam turbines, or both, depend- 
ing upon the method of establishing the heat balance. Turbine-driven 
boiler-feed pumps arc usually equipped with a constant-pressure, and if 
desired, excess-i)ressure or follow-up governor. Th(‘ admission valve can 
be set to kecq) the pressure on the delivery side (jonstaiit, regardless of 
capacity pumped, or at some predetermined pnvssure in excess of that of 
the steam. The regular turbine governor is adjusted so that it does not 
function until a speed greater than cjin be obtained with the follow-up is 
reached. With some constant-speed motor drives, the feed pumps are 
fitted with a large pressure-reducing valve so connected that it acts as an 
excess-pressure throttling valve on the discharge of the pump, while in 
others an unloading valve is used which allows sufficient water to by-pass 
from the discharge to the suction of the pump, thcwel)y maiiitaining a 
constant discharge pressure. A very satisfactory combination from the 
operating standpoint is to use both turbine- and motor-driven pumps, 
the motor-driven pumps to operate at full load and the turbine-driven 
pumps to operate in parallel for pressure rc'gulation. Slip-iing induction 
and direct-current motor controls are also available which automatically 
regulate the speed of the motor-driven boiler-feed pumps to maintain a 
pressure in the boiler feedwater main at a predetermined amount above 
that in the boiler. C^entrifugal boiler-feed pumps require from a fraction 
to 5 per cent of the boiler steam generated, depending upon the load, 
efficiency of the boiler unit, nature of the drive and disposition of the 
exhaust steam if turbine-driven. 

The characteristics for a boiler-feed pump are similar to those shown 
in Fig. 462. The drooping head delivery characteristic makes it impos- 
sible for the pump to overload the driving motor. 
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Example 79. — Calculate the power required to drive the centrifugal 
feed pump for a turbine iiLstallatioii when operating under the following 
conditions: Maximum output of main turbine 10, ()()() kw., water rate 
(including auxiliary steam) 10 lb. j)er kw-hr. ; boiler pressure 200 lb. gage. 


Solution. — When specific figures are not available* it, is customary to 
assume 25 per cent of the boiler pressure as the frie^tiou head, whence H 
— (200 + 50) 2.0 = 050 ft. (2.0 = ft. of water at boiler temperature 
corresponding to 1 lb. per sep in.). Assume a pump efficiency of 65 per 
cent. 

From equation (202), 


Br.hp. 


10 X 10,000 X t)50 
()0 X 33,000 X 0.05 


If the pump is driven by a tuibine and the latter uses 40 lb. of steam 
per b.hp-hr., the pump will icquirc 

81 X 40 

- = 0.02 or 2 per cent of the total weight of steam generated. 

If the pump turbine exhaust is used for feedwater heating, the pump wall 
require only 0.3 per cent of the total steaiii generated. 

If the pump is motor-drivoi, allowing an overall motor and line effi- 
ciency of 85 per cent, the j)ump will requii*e 

81 (10,000 X 1.34 X 0.85) = .0071 or 0.71 per cent of the main 

generator output at rated load. 


289. Condensate or Hotwell Pumps. — The centrifugal pump is now 
quite universally used for pumping the condensate from surface condens- 
ers. CVmdensate pumps must deliver water against the head correspond- 
ing to the vacuum, plus the friction head and the static head. The 
pump cannot create a vacuum sufficiently greatei' tlian the vacuum in the 
(iondenser to draw watei’ into the impeller by STictlon, tlierefore the con- 
densate should ])e siq)pli(‘d under a head of three* or four feet or more. 
If the head on the suction side is less than this, the pump cavitates or 
becomes vapor ])ound and is unable to remove tlie water. Condensate 
pumps are built in single-stage and two-stage types. These pumps are 
ordinarily operated without antomatic (‘ontrol and are permitted to 
operate at constant speed. In the modern central stations these pumps 
are in duplicaite. The power requir(*d to operate the pump may be cal- 
culated with the aid of ecpiiition (203). 

Example 80. — C'alculate the power required to drive the condensate 
pump for a turbine installation when operating under the following condi- 
tions: Maximum output of main turbine 10,000 kw., water rate (including 
Steam required to operate auxiliaries) 15 lb. per kw-hr., vacuum 28 in. 
referred to a 30-in. barometer. 
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Solution. — Suction heiul corrospondin^i; to 28 in. of rnoiciiry = 31 ft. 
Assume a friction and discharp:(‘ head of 29 ft.; efficiency 50 per cent. 
Substituting, these values in eciuation (202), 


Br.hp. 


10,000 X 15 X (31 + 29) 
00 X^ 33,000 X 0.5 


9.‘1 (approx.). 


290. Air Lift. — The air lift is a simple arrauKenuaii. of piping whereby 
water may be raised by means of compressed aii*. 'J'here are no working 
parts, and no valv('s arc' (‘m])loyed (except to rc'gulate thc^ supply of air. 
Its particular fic^ld of a])i)li(‘.ation lies in pumping watei’ from a number of 
scattered wells, mnl on account of the total absence of woi-king parts it is 
peculiarly adapted to handling water containing sand, grit and the like. 
The devic'.e consists of a ])aitially submergc'd watei- pijx' and air supply, 
variously arranged as in Fig. 485 (A) to (D). Compressed air, forced 


i 



Fkj. 485. Vjinoiis Arr;infi:(;iii(*nts of tlir “Air Lift.” 


into the water pipe at or near the bottom, decieases tlie density of the 
column, and the difference' in weight betwt'en the solid column of water B 
and the air-watei* column A cause's the flow. The' successful operation 
of this device dc'peiids upon the ratio of the depth of submersion B to the 
total head C. 

The quantity of air necessary to operate an air lift may be closely 
approximated from the equation (see Prac. Engr. U. S., April 1, 1912, 
p. 354) 


T7 7.1 "I" vx n 

F = L log — X C 


( 263 ) 



PUMPS 


681 


in which 

V = cu. ft. of free air per gal., 

S = actual submergence in ft., 

C = coefficient determined from experiment. 

The actual submergence N may be determined from the relationship 

S = LSp/lp (2G4) 

in which 

L = actual lift in ft. {A, Fig. 485), 

Sp = submergence percentage (100 B/(\ Fig. 485), 

Ip = lift percentage (100 A/(\ Fig. 485). 

The coefficient C may be approximated as foiiows: 

C = 255 - 0.1 A. (265) 

For the air pressure recpiired for any lift and any percentage of sub- 
mergence, it is convenient to divide the actual sulanergence in feet by 2 
to get the gage pressure in lb. This gives enough pressure in excess of 
that due to water head to allow for the ))ipe fj’iction and other losses. 

The efficiency (“ water ” hp. divided by air ” hj),) varies from 30 to 
50 per cent, increasing as the ratio B/C increases from 0.55 to 0.85. {Engi- 
neer^ U. S.j Aug. 15, 1004, p. 5()4-) A mind)er of tests give efficiencies 
(“ water hp. divided by i.hp. of steam (‘ylindei*) varying from 20 to 40 
per cent. The hp. required to compress one cu. ft . of free air to different 
pressures per sep in., as determined from a(‘tual practice, is approximately 
as given in Table 87a. 


TABLE S7a 


ProHnuro 
in Pounds 

Up. Uetiuired to 
CompicMH J C/ulnc 
Pool 

PronHiiri* 

III PouikIh 

up Roriuired to 
C’oluprosH 1 Cubin 

176 

0 434 

(K) 

0.159 

140 

0 :r6 

45 

0 M5 

100 

0 2(T 

30 

0 121 

80 

0 189 




Air Lift- Power, Nov. 2.^, 1920, p. 818; Apr. 17, 192S, p. 591; Jiin. 30, 1923, p. 177; 
May 6, 1919, p. 692; Bui. No. 1265, 1924, TTiiv. of VVis. 

391. Pump Governors. — Steam-driven pumps are readily adapted to 
automatic control since it is only necessary to regulate the speed by 
throttling the steam supply. Figure 486 shows a section through a 
Fisher pump governor illustrating the general principles of constant- 
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pressure fioiitrol on piinipR of this class. It cinhodios a pressure-reducing 
valve in the steam supply jujm'. of Ihe i)ump, actuated by the slight varia- 
tions in wat(a- j)ressure. AVIkui 1h(i demand for water increases, the pres- 
sure in the discharge pipe tends 1o decrease^, and this drop in i)ressure 
(transmitted to the i)mnp governor through op(Mjing D) causes more 
steam to be admitted, which increases the speed of the pump. The 
governor. is (‘omiecded to the steam inlet of the pump at B and the steam 
enters at A. The double-seated balanced valve C regTilatcs the supply 
of steam to the cylinder l)y the amount it is raised 
from the s(‘a-t. The valve is held open by spring (j, 
the com})ression of which may be regulated by han 
wh('(d K, Th(‘ water jnessure 
from the discharge pipe acts oti 
j)ist()7i F, and t-caids to over- 
come the resistance of the 
spring. The diffenmee in pres- 
sure bc'tween the water and the 
s]ning determines ihe j)ositioii 
of valve (\ The spring tension 
is adjusted by means of the 
hand wheels. 

For maintaining a constant 
])]essui'e in tlu' suction line of 
a steam-driven vacuum ])umi), 
the sj>ring-loa.ded piston in the 
governor is replaced by a lever- 
weighted dia])h ragm. 

Figure 187 shows a section 
thiough a hdsh('r excess-pres- 
sure or follow-up t 3 q)C of steam- 
puiiij) govej’nor which will main- 
tain a Cfuist.ant diffeience in pressure irrespective 

of the vai'iations in steam i)r('ssure or the capacity of the pump. Oov- 
ernors of this tyi^e are usually installed in connection with boiler-feed 
imnips. They differ from the constant pressure tyi)e only by the substitu- 
tion of a level-weighted diaphragm for the sjuing-actuated piston and in 
the connection of the steam pressure to the under side of the diaphragm 
and of the feed line pressure to the upper side. The diaphragm, therefore, 
has to support oidy the excess pressure nec(\ssary to overcome the weight 
and lever. This type of governor is readily applied to a steam-turbine- 
driven centrifugal pump. 

Figure 488 shows a section through an excess-pressure governor incor- 



staiit - Pressure 
Steixin - Pumi) 
Governor. 



sure or Polio w-up 8team- 
Puinj) Ciovernor, 
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porated in the design of a Lee steam turbine. The water end of the 
governor W is piped to the discharge line of the i)unip and Ihe steam end 
S is eonneeted to the steam line. Ih’essiin* is tJiiis introdmrd to the 
closed space at each end of the governor Ixxly and acts upon the dia- 
phragms Dy D. These are connected by a iliaphragm spacer which, 
through the lever L, actuates tlie governor lever (r and in turn the governor 
valve V. The predetermined ('\cess-pressure is jiroduced b}^ a coil-H})riiig. 
The speed of tlie turbo- 
pump, thendore, will be 
held at a point where the 
water pressure ecpials the 
steam j)ressiire plus spi ing 
pressure irresi)ect iv(' of the 
variations in pressure of the 
water or steam. 

292. Feedwater Regula- 
tors. — In the great ma- 
jority of the older stc'am 
plants, tlie sui)i)ly of fc'cd- 
water to the boilei* is con- 
trolled by hand. By o])en- 
ing or closing a regulating 
valve in the pump discharge 
line, the supply is t hrott led 
to meet the boiler reciuire- 
rnents. Since it is practi- 
cally impossible to miuiipulate the valve so tliat the wat-cM- will flow into the 
boiler as fast as tlu' steam is driven off, ihe flow is more or less intermit- 
tent, the water lev^el ranging from maximum to minimum. Practically 
all of the large modern c(‘ntral stations and many of the smaller installa- 
tions are ccpiipped with automatic regulators, not only t,o insure continu- 
ous feeding of the* boikn- at the j)roj)er ral(', but to disi)(*nse with the 
constant attention nc'cessary for hand control. P('edwater regulators 
depend upon the fluctuations of the watei* lev(‘l in the. boiler for their 
primary control. 

Figure 489 shows a section tlnuiigh a Stets boiler-feed controller illus- 
trating the float-lever type;. The float chamlxu* is connected to the 
steam space of the boiler or water column and to the lower water-gage 
in such a manner that the mean water level in the cliamber is in a 
line with that in the boiler. A copper float, rising and falling with 
the water level, actuates, through the agency of suitable levers, a balance 
feed valve and reduces or increases the flow of water to t he boiler. A 



Pio. ISvS. J’]x(*<‘ss-|)rc,s.surc '^rurlj()-[)uinp 
( Jovc'i’iior. 
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fixed relation is maintained between water level and feed valve opening. 
As the working parts are all in the pressure space, very little stuffing box 
friction is interposed betwecm the float and feed valve. As the float con- 
tains a small amount of alcohol, internal pressure when in operation is 

practically the same as the ex- 
ternal pressure of the steam, and 
therefore the ball is subjected to 
very little stress. The linkage 
and valve openings are designed 
to give a continuous flow of water I 
in gradually increasing rate from 
high to the low water level limit. 

F.igure 490 shows a section 
through the actuating end or 
generator of the “S-C’’ regulator 
illustrating the thermo-pressure 
type. The generator consists of 
an inclined seamless brass tube S 
conne(;te(l through suitable fittings 
1o the steam and water space in 
the boiler. The level of the water in this tube will correspond to that 
in the boiler. Tube S is surrounded by vessel T which is closed at both 
ends and does not comm uni (^ate with 
the boiler. \'essel T is eciuipped 
with thin bronze fins to carry away 
heat. This vessel is filled with watei-, 
which always remains in the S 3 ^stem, 
and is connected through flexible 
tubing F to f-he top of a diai)hragm- 
controlled balanced valve in the feed 
pilHi. When the water in the boiler 
is at its highest iiermissible level, 
the tube N is filled with boiler water, 
the temperature of the independent 
water body in vessel T is (com- 
paratively low, and the feed valve 
is closed. As the lcv(4 of the water 
in the boiler is lowered by the dis- 
charge of steam through the boiler 
nozzle, the level in tube N drops correspondingly and the upper end is 
filled with steam. This steam gives up heat to the water in vessel T and 
causes it to expand. The pressure created by this expansion is trans^ 




I'lti. 480. 8tct.s Boiler-Food (-ontrollor. 
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mitted to the diaphragm chamber of the feed valve and opens it a pro- 
portionate amount. The lower the water level in tube *S, the greater 
the surface exposed to steam and hence the higher the pressure developed 
in the generator. Conversely, as the water level rises, less surface is ex- 
posed to steam, and through the action of the mdiating fins, the tem- 
perature, and consequently the pressui’c in chaml)er 7\ is I'educed. The 
lower connection of tube S is trapped so that the watei’ in the tube will be 
at a much lower temperature than that in the boiler. 

Figure 4fil shows the general arrangement of a Copes feedwater regulator 
illustrating the thermo-expansion type. The regulator is actuated by the 
expansion and contraction of a heavy metalli(*, tube inoimted on a base 
and connected by a lever 
and strut to a control 
valve in the feed line. 


tion opposite the water 
level in the boiler, and 
is connected to the steam 

and water spaces as 491 C’oimjs Feinlwnt-er licf»:uIator. 

shown. The wixtvr level 

moves in the expansion tube as it does in the boiler. The upper end 
of the expansion tube, being filled with steam, is [it steam temperature. 
The lower end, however, is slightly above room tempeniture because 
the water which it contains gradually c;ools off by radiiition. At normal 
load, with the water lev(d at position 2,” Fig. 491, half of the expansion 
tube is filled with steam and half wdth whaler, and the tube assumes 
the length that oj)eTis the centnil valve to jKisition “ 2.^’ As the load 
gradually increase's, llu^ water level hills and th(^ tulxi is filled with 
steam. This expands llu' tube and caiuses the valve to open projKU'tion- 
ately, as showai by positimi “J.” 

For satisfa(;tory o|xn’ation, all feedwater regulators should be used in 
eoniiection wdth suitable pumj) governors. 


The expansion tube is 
set in an irudined posi- 



PROBLEMS 

1 . A direct-acting duplex hoilor-feed pump uses 12.j lb. steam per i,hp-hr. Initial 
steam pressure 115 lb. ahs , feedwater temperature 180 deg. fidir. What per cent of 
the total .steam generated ly the boiler i.s nece.^sar\ to op(irate the pump? 

2 . A triplc-(jxpansion pumping engine delivers 30,310,000 gallons of wfiter in 24 
hours against a head of Gl lb. per sq. in., initial .steam pres.sure 200 lb. abs., developed 
hp. 800, water rate 10.33 lb. per br.hp-hr., steam initially dry. Required the duty 
per 1000 lb. of dry steam and per million B.t.u. 
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3 . Octorirurio (lie (iylinder dimensions of a dircet-actinR single-cylinder feed pump 
Kiiitiihle for a TiOO-hp. boiler, Tnaxiinmn overload lOU jier cent, boiler jiressure 115 lb. 
abs., fei‘dwater teinpiu’iiture 70 deg. lalir. 

4. Kc'cinircMl the jirobable i.hj). when operating at inaxiiiuirn capacity. 

6. Winch IS th(‘ nioni economical in heat eonsurniition as a pump, an injector or a 
motor-dri v(;n triplex ])ower i>iinii)? Boiler pressure 100 lb abs., feedwater supply 
00 deg. fahr., irij(!ctor delivers l(i lb. of water per lb. of steam, overall efficiency of pumt) 
and motor 00 p(‘r c.ent. 

6. Api )ro\imai(‘ tlie cylinder dimensions of a wet-air pump for a ToO-hp. engine 
iLsing 10 lb. st(^am per i.liii-hr., initial pre-ssure 150 11) abs, vacuum 20 in. (barometer 
110 in.), dry stiaim at. adini.ssion, initial tianperat iin* ol injcr lion \vat.(‘r 70 deg fahr. 

7 . Reqninal the hors(‘po\ver iK'ce.ssarv to of)(Ta1.(‘ a ceninfngal circulating jnimp fot 
a surface-cond(‘nser m.stallal ion using 1000 gallons of wal(‘r jiei mimit(‘, total hear 
pum])ed against, 50 ft , imtial t(Mni)(‘rature oi ciiculating watci 70 d(‘g lahr. 

8 . If a motor-driven (‘iMitrifugal iniinp (head and ti'inperat nrc conditions as in', 
Problem 7) is iiistalhal in connection with a lOOOlli)). engine and the ratio ot cooling 
water to condensed steam is 50 to 1, re(|uired the jmu c‘ent of mam (‘iigine jiower neces- 
sary to op(’ral,(i the pnnif). 

9 . If the [mm[) in Pioblem S is driven by a steam engine using 50 lb. steam per 
hp-hr. and the exhaust is uscsl for heating th(‘ feedwater, reiiuired the jier cent of 
main engine heat supply m‘(e-^saI\^ to ojierate the pum]). Mam engine imtial pressure 
150 11). abs., vacuum 2() in Omroineter 50 in.), circulating-pum|) (‘iigiiu* initial jiresLSure 
100 lb. abs., back pressure It) lb. abs. Assume dry .steam at admission in both cases. 



CHAPTER XV 

SEPARATORS, TRAPS, AND DRAINS 

293. General. — While so])M,nit()is, Imps, iiiid (lr-‘iiiis :ip])e;ir to bo insip;- 
nifioant faclois in the sleain ]K)\v('r ])l;inl, tlu' ('(‘ononiy and ]ihysical 
operation of tbo station are larp(‘ly dc'ixMidont upon llu'ir oonoct installa- 
tion and proper functioninp;* lliph-])r(‘ssnre sjitnrabMl steam [lowinp; 
from boiler to ])riin(' mover or auxiliaries always eonta-ins more or l(‘ss 
water, due either to ])riminp or I'oamini; in tlu' boiler or eondeiisation in 
the pipe lint's. Aside from ineitsast'd eonduct ivily diit' to Hit* hipher 
density which incr('as(\s flit' condtmsalion lo.sses, Hit' watt'r (“ontent may 
cause water hammer in the pipt' line oj- t'vt'n dt'sfriict ion of the ])nmc 
mover and auxiliaiies if they are of tht' r(‘cii)roeatinp; ty])('. With steam 
turbine's, tlie moisture content rednet's t'fiicit'ncy and causes excessive 
erosion of the bladt's. lhactically all of the scalt'-forminp; t'lements carried 
along with steam are in the moisture content, so that elimiruition of the 
moisture will remove tht'se impurities and prevent, them from fouling 
the superheater coils, clogging the valves and fittings, and cutting the 
turbine blades. An efficK'iit separator, such as the “ dhacy Steam 
Purifier,” placed within th(' br)iler and taking th(^ i)kic(' of th(‘ customary 
dry pipe, will insure ])erfectly diy steam delivery to the sup('rh(*ater or to 
the main steam headei-. Drip pockets, which are in reality sti'ani separa- 
tors, ])laced at suitable j)oints in th(' y)ipe line, will remove a consid('rablo 
portion of the waten- entrainment., while a correct ly designed steam separa- 
tor, located at the engine throttle, will eliminate all but a trace of the 
moisture carried t(» that i)oint. Exhaust steam from reciprocating engines 
and pumi)s contains not only moisture, diu' to (cylinder condensation and 
that resulting fi-om work done by the steam, but a var\dng amount of the 
oil used for lubrication. The greater j)art. of the oil appears as an emulsion 
with the moisture in the (exhaust, so that elimination of the' moisture will 
automatically reiiKna' the oil. When' oil-free exhaust is necessary for 
industrial processes or wheie the ('xhausi is to pass into ii low-f)r(;ssure 
turbine and moisture-free steam must b(' i)rovided to preA^ent (excessive 
blade corrosion, an oil eliminator or separator will remove nearly all the 
emulsified condensate. The moisture trapp('d from the high-pressure 
lines, steam jackets, receiver coils or other high-pressure appliances has a 
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considerable heat content and, unless the plant is so small that this heat 
is of little consequence, it is customary to reclaim the condensate and 
return it directly to the boiler, heater, or hot-water storage tank. This 
duty is performed by steam traps, or similar automatic return apparatus. 

Th(M)retically, there is no need for live steam separators, traps, or drains 
in siipcnlieated sl-eam lines where the temi)erature is never less than 
saturation, but< in starling ii]) there is always soTne comlensation, and at 
times there is a possibility of the superheater becjomiiig flooded and of 
slugs of water being cani(‘(l over into the piping system. To provide 
against iho waiter reaching the prime mover, (\r\]) pockets are placed In 
the line, suitable drains at the superheater, and fre(iiiently a steam separ 
tor at the throttle. Whenever it is desired to use small piping with stca 
at high velocities a,nd at the same time redpc('- the velocity at the throttld 
or provide a damj)ing effect- for j)ulsation, a receiver-separator placed \ 
close to the thjuttlc will effect the desired result. 

Separators, tra])S, and drains are designed for all gi adc's of service, high 
pressures, medium or low pressures and vacuum. Some of the more 
important a})plian(*es will be briefly described. 

294. Live Steam Separators. — Any pocket ])Iaccd in a horizontal run 
of piping will remove all or a part of the moisture entrained with the 
steam, provided the velocity is not such as to carry all the water in sus- 
pension. For velocities below K) ft. per sec., practically all the water 
will collect in a pocket, having a diameter of opening equal to that of the 
pipe, but since this is far below the minimum velocity allowed in most 
stations, a plain drip i)oc.kct will i-emove only a portion of the water en- 
trainment. Ill order to remove the greater part of the moisture, the 
separating vessel must be designed so that one or more of the following 
principles are employed. 

1. Reverse-current. The direction of the flow is abruptly changed, 
usually through 1 80 deg. This causes the waf er in the steam, on account 
of its greater sj)ecific gravity, to be thrown into a receiving vessel, while 
the steam passes on in a reverse direction. 

2. Centrifugal force. A rotary motion is imparted to the steam, 
whereby entrained water particles are eliminated by centrifugal force. 

3. Baffle-plates. The flow is interrupted by corrugated or fluted 
plates, to the surfaces of which the wafer particles adhere and from which 
they fall by gravity to the well below. 

4. Mesh. The separation is brought about by mechanical filtration 
through screens or meshes. 

The following outline shows the classification of typical separators, in 
accordance with the above principles; 
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Live-steam separators. 


RevcrKsc-purrcnt 

1 IIopjKJS. 

1 Stratton. 

Centrifugal 

Keystone. 

Mosher. 

Robertson. 

Baffle-plate. 

Bundy. 

Austin. 

Tracy. 

Mesh. 

Direct. 

Potter. 


A series of tests nuide at Annoiii- Instifiite of Te(‘lniolo^y in ]<)();') on a 
num])er of separators showed thal the vfficivnnf of nrjxjrnfion drcmised 
as the velocit]} of the steam increased. At the low velocity of oOO ft. per 
min. all separators were e(inall\ efiicient (about 90. S j)er cent), at a velocity 
of 5000 ft. per min. several had little eff(‘ct, and at a velocity of 8000 ft. 
per min. only one gave efficient results. I'^or this leason, it is better to 
err in installing too large a separator than one wliich is too small. Further- 
more, the pressure drop through the separator iiKM c^ases approximately as 
the square of the velocity and may become ox(*essive at. velocities over 
]00 ft. per sec. 

Reverse-current Steam Separators. — Figure 492 shows a section through 
a Hoppes steam separatoi* and illustrates the piinci))le of reverse-current 
separation. Steam may flow through in cither direc- 
tion. Both the inlet and outlet f)orts arc surrounded 
by gutters (7, C, partly filled with water, which inter- 
cept the moisture following the surface of the pipe, 
while the downward plunge of the steam throws the 
entrained water to the bottom of the sejmrator. The 
condensation is carricid from the troughs by pipe P 
to the well beh)w, fi’om which it is trapi)ed at 1) in the 
usual way. The velocity of the steam in passing 
through this separator is greatly reduced to ])revent 
the steam from taking up the water in the bottom of 
the well. This is brought about by increasing the 
area of the passage through the separator. 

Figure 493 gives a sectional view of a Stratton 
separator, which, though primarily of the reverse-cur- 
rent type, embodies also the principle of centrifugal 
rator consists of a vertical cast-iron or cast-steel cylinder with an in- 
ternal central pipe C extending from the top downward for about half 
the height of the apparatus, leaving an annular space between the 
two. The current of steam on entering is deflected by a curved par- 
tition and thrown tangentially to the annular space at the side, 



Reverse - current 
Separator, (Hop- 
pes.) 

force. The sepa- 
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near the top of the apparatus. It is thus whirled around with all the 
velo(;ity of influx, producinfz; the eentrifup;al action which throws the 
particles of water ap;ainst. tli(i outer cylinder. These adhcue to the sur- 
face, so that tlu^ water runs down continuously in a thin sheet around the 



FifJ. 4015. SlniMon Stoiuii Eio. 494. ( '()inl)iii('(l Pc‘voi>o-t*,iirront and 

Separator. (Vntri filial Separator. (Keystone.) 


outer shell into the receptn.cle Ixdow. The steam, followiiifi; in a spiral 
course to the bottom of tlu* inbunal pii)e, al)ru])tly enteis it, and passes 
upward and out- of the se])arcdor ^\ithout haviiijj; once crossed the stream 
of se])arat(Hl watei-. The ra.i)id rotation of the 
current of steam imi)arts a whirliiifz; motion to the 
T r ^ s(*i)arated water which tends to interfere with its 
jjroi)eT discharp:e from the ai)paratus. The sepa- 
^ h U ^ lator has therefore been provided with wings or 
^ ^ ribs E ])]()jectiiig at an acaite angle to the course 

(‘urreiit, which have the effect of breaking 
W up this whirling motion and allowing the water to 
■ I settle fjuietly at the bottom, whence it passes off 

^ through the drain j)ii)e D. 

Ccnirif ugal Slcavi Separators. — Figure 495 shows 
a section through a Rwartout centrifugal separator. 
Fig. 495. Tyiacfil (imi- helix in the inlet opening imparts a whirling 

(Swlrtiut ) motion to the steam without reducing its velocity. 

The water paiticles arc thrown against the wall 
by centrifugal force, while the steam passes on in a dry state. 

Baffle-plate Steam Separators. — Figure 490 gives an interior view of a 


Fig. 495. Typicfd Cen- 
trifugal So]){irat()r. 
(Swartout.) 
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Bundy separator and illusliatcs the applicaiioii of bafUe ])latos for live- 
stcain separation. This separator consists ol a ri'ct angular cast-iron 
casing with a cylindrical receiver beneath it. Din'ctly across the steam 
passage are baflle-plates coriiigated lor the rc'cc'ption of entrained water. 
The plates consist of vertical castings, each (containing a main artery or 
channel which leads dirt'ctly to the rec'eiver. Th(‘ fronts of the plates 
are flat, with a series of rec(\ss('s slo])ing inwaros and downwards, ter- 
minating in an oi)ening of cai)illary size heading to the main arteny. The 
plates are staggered, so that th(‘ steam must inpiinge against all of them 
in its passage. The paiti(*l('s of water adhere to tlu' ]ilates, collect, and 
fall by gravity into the rec(Mv(‘r. The llanges at th(‘ bottom constri(‘t 
the o])ening of the ix'servoir so as to i)reven1 the st('am fiom jacking up 
any j’)ortion of the water. , 

Figure 4fl7 shows a sect ion through an Austin s(^])a.rator and illustrates 
another class embodying th(‘ tinted bafll(‘-|)lale jainciple. Tlie steam in 



Fkj. 49G. Bundy St(':iiii Sepa- 
rator. 



Fin. 407. Austin Steam Sepa- 
rator. (Tinted Batne.) 


passing through the chamber impinges against tdie fluted f)aflie-plate B. 
The moisture adheres to the surfac(\s, collects and trickles along the cor- 
rugations to the bottom of the w(41. Tlucse corrugations are formed in 
such a manner tlnit the steam cannot com(^ in contact with the water 
particles after they havic been once (dimiiiated. A perforated diaphragm 
D prevents the water in the well from coming in contact with the steam. 
The current of steam is also reversed, thus giving additional separating 
properties to the a]ii)aratus. 

The Tracy steam purifier or “ dry pipe consists (essentially of a number 
of rows of baffle plates placed inside the boiker (taking the place of the 



STEAM POWER PLANT ENGINEERING 


III 


customary dry pipe) in such a manner that the steam in flowing through 
the narrow channels impinges against the surface and leaves the moisture 
adhering to them. The velocity through the channels is very low (750 ft. 
per min.) so that the moisture is not picked up again by the steam. The 
moisture gravitates to the bottom of the chamber and is discharged to waste. 

Mesh Separators. — h'igure 498 shows a section through a ‘Wlirect ” 
separator, illustrating the ])rincii)le of mesh separation. These separators 
are made with steel bodies and cast-iron heads and bases, in all sizes up 
— to (j in. inclusive, the larger sizes being constructec^ 

of cast-iron or boiler plate. The cone C, penf orated 
lining Ej and diaphragm S are made of cold-roller 
coppcir; the cone O is a substantial gray -iron cast- 
ing, resting on three vJ^'J^t-iron s\i]:)])orts hooked over 
the top of inner i)ipe as indicated. The method of 
operation is as follows: The a(‘cuimilated moisture 
around the walls of the st(^am pip(' is caught by the 
upper edge of cone C and carried down back of lining 
E to the water chami)er. The current of steam 
entering the separator impinges iij)on tlu' conical 
surface, which is composed of solid jflatc 0 covered 
with sieve Sj through which water may freely pass 
but from whicdi it camK)t readily escape. Passing 
through the sieve and depositing on the solid sur- 

H tsa face of the cone O, this water is carried by con- 

Fig. 498. “Direct' duetors P to the water chamber. Peiforated lining 

Steam Separator. permits the moisture content of the stc'am to pass 

through the opening to the water below 
and prevents it from coming in con- 

■ ■ 1 1 r / y Turliiiic Cjrllader 

tact again with the current, of steam. bf( TOJ 

A trough is provided at the lower edge / 

of the inverted cup, which leads all 1 

the water that may adhere to it to ^ — p— T 

the water chamber. The steam flows \ ° / fl lffl 

through the passages indicated by Fi«ibieiiond \ 5 ^ 
arrows and is siibjoctod to a whip- — H i 

snapping action which tends to throw „ 

„ . . . , rni Cheat » hUih U8B0urel,T ^ liiwiuiei.t i 

on any remaining moisture, ihe per- Anohor«it« Turbine R.d,.ute _iw — — 
f orated plate D prevents the steam 

- ... . i . i. X Fig. 499. Separator Applied to a Steam 

from picking water out of the water Turbine - Basement Header, 
chamber. 

Figures 499 and 500 show typical installations of live-steam receiver- 
separators to steam turbines. With reciprocating steam engines, it is 


Bteuin Cheat JbiUea 
6ouurel> tu Uudplute n 


/ y Turl,iiic Cjrllader 

U'tf.Mj 


Flexible Rond VV^ 
Cnniii.CtiDr Anghured^/^^\ 
Btcaij to / 

Turbb dgr 

Stcun Pipo Doited to Bieein y 
Cheat w high Is Suourel.T ^ 
Anohorod iu Turbine DedpUte 


Fig. 499. Separator Applied to a Steam 
Turbine — Basement Header. 


SEPARATORS, TRAPS, AND DRAINS 693 

customary to place the separator close to the main throttle without inter- 
mediate piping;. 

296. Exhaust-Nteam Separators and Oil Eliminators. — The function 
of an exhaust-steam separate )i- is the removal of cylinder oil from the steam 
exhausted by eng;iTies and pumps. In plants where exhaust steam is used 
for heating, it is quite essential to remove the oil frcjiu the steam before it 
enters the heating systeju, for the oil not only reduces the efliciency of the 
radiators by coating them with an 
excellent non-conducting film but is 
an element of danger to tlie boiler 
itself. In surface-cond(‘nsiijg ])lants 
the separator will jneveiit th(' oil 
from fouling the condenser jubes 
and those of the vacuum heater (if 
one is installed); this is an im])or- 
tant factor, siiuje the oil or grcas(' 
lowers the efficiency of the heat 
transmission. 

In a general sense, a live-steam 
separator is also an oil eliminal.oi', 
and all th(^ sei)arators previously 
described perform this function to 
a certain extent, since tlie under- 
lying princii)les governing the elimi- 
nation of oil from exhaust steajii 
are similar to those (‘iiiidoyed in 
removing watei* from steam. Most of the sepajators desciibed above 
are also designed in lighter form, as oil eliminat-ors, but by far the greater 
number are based on the fluted bafflp-i)late princli)le, of which the Austin, 
Bundy, Cochrane, Utility, Crane, and Keiley are w('ll-known examples. 
This type of oil separator will eliminate a considerable portion of the 
oil in the steajn, ])rovided the baffle-jdates or corrugated surfaces are 
frequently cleaned. 

Since the velocity through exhaust steam pipes, particularly in con- 
densing plants, is minffi higher than with live steam, the separator chamber 
and the separating surface must be of sufficient size to reduce the 
velocity; otherwise, separation will be inefficient. 

A very successful method of removing oil from steam is to project the 
steam on to the surface of a body of water. The water may bo hot or 
cold and will hold the oil if it once reaches the surface. It is essential, 
however, to reduce the velocity of the steam as it passes on its way to 
the outlet. 



Ft( . 500. S('j);ir!it()r Applied t-o Stoarn 
Turbine — Overlie.' d Sb^jiin Main. 
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The most efficient method of removing all traces of oil is by combined 
filtration and absorption. A large chamber filled with (;oke, brick, broken 
tile, or oth(‘r absorbing material is placed in series with the exhaust pipe. 
The steam })assing through this chani])er is entirely freed from oil and 
moisture, provided the absorbing material is sufficient in cpiantity and is 
replenished as soon as it beccjmes saturated with oil. The annoyance 
attending th(' n^moval and re[)l(mishing of the absorbing material at 
frc(pient int(;rvals and th(' great size of the appai atus ar(^ st'rious draw- 
backs. An exam})l(' of this system of purificar 
lion, in wliich many of the objectionable feaj- 
tures are reduced to a minimum, is the Loe\^ 
grease and oil extractor, Tig. ft)!. The ex-^ 
haust stcvini enters th(‘ chamber at the top, \ 
strikes a large deflcMting plate shapcvl like an \ 
inverted T, and permits part of the condensa- 
tion and oil to b(^ drawn oH by ttie drain pipe. 
The sfeam then rises and is deflectAHl, as in- 
dicatcnl, against a series of slutves filled with 
fil)rous material covered with coarse wire 
screens. The gr(‘-ase is lemovc'd from each 
shelf by suitable drains. This apparatus is 
sectional and any num- 
ber of sections may be 
added without affect;- 
iiig the r(‘st. 

In a non-condensing 
plant where tlu^ ex- 
haust steam is used for 
heating purposes, tlie 
oil separator is ordinarily placed in the main 
exhaust pipe just before it enters the heating 
system. Where several branches enter one main, 
it is not customary to i)lace a separator in each 
branch, one large separator located as above being 
sufficient. Oil separators are also incorporated in 
the body of exhaust-steam feedwater’ heaters. If 
the exhaust is discharged directly to waste, there 
is no need for’ a separator except to prevent the oil and water from 
fouling the roof and ]X)lluting the surrounding neighborhood. A separator 
placed on the roof and at the end of an exhaust pipe is usually designated 
as an exhaust head. 

On condensing plants, exhaust steam separators and oil eliminators are 



haust Hoad. 



Fio. 501. Loow Grease 
Extractor. 
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used only in connection with surface' condensers or heaters or when the 
exhaust is passed into a low-pi*essure turbine. Wliere' a jet condenser is 
used, the hotwell itself acts as an etfieieiit oil separatin'. 

296. Disposal of Drips. — The water condensed or otherwise deposited 
in high-pressure lines should be removed as ra|)idly as ])ossibl(' to })revent 
water haiiiiiier, blade erosion in turbines, and ])ossibh' wreckage of piston 
prime movc'rs and auxiliaries. These high-pressure drips, whether col- 
lected in small individual drill pockets, si'parators, or a common reservoir, 
contain considerable heat, are free from impurities and (herc'rore should 
be returned to the boilei' either directly or indiri'cllv. The same is true 
for all water of condensation howc'V'i'r foniu'd and of whatevi'r t(‘m])ei'a- 
turc, provided the (piantity involvisl is not, too small to covi'i* tlu' invest- 
ment cost of the return (Miuiimu'nt , and thi' (jiiality is not such as to re- 
quire expensm' treatuKUit. hi small jilants with low load factors, it is 
frequently more economical to discharge all condensa,t ion to waste; in 
large stations, it may lx* advisable to save th(' high-pnjssure drips and 
waste only the contaminated low-pressuie con- 
densation; but in the large modern central sta- 
tion, provision is made for utilizing all (‘ondensate 
both as regards the heat (xintc'nt and th(‘ water 
itself. 

Figure 503 shows one of the simplest means 
of disiiosing of the drij)s in a sjiiall piston en- 
gine where the (puintitit's involved are too small 
to warrant consc'ivation. The wati'i coll(*ct(‘d 
above the throttle vahe and the condiMisation 
in the cylinder in starting u]) ari' blown directly 
into the exhaust, ])ip('- This system makes no 
provision for wat(‘r carrkxl ov(*i' in large (juaii- 
tities while the engine is in o])eration. Possible' 
wreckage of the engine from this e.ause* may be prevented by placing 
large spring-load snifting valves at the ends of the cylinder. 

In small plants with low load factois, and where there is a deficiency 
of exhaust steam for feedwater heating, tlu' high-j)ressure drips are fre- 
quently piped diiecdly to the heatei', th(^ valvi'S in the drip pipes being 

cracked ” to permit a (amtinuous flow of conck'iisate to the heater. 
When there is sufTicient exhaust to heat thf^ feedwater to a temperature 
corresponding to that of the exhaust, this may entail a serious loss since 
it is practically impossible to open thci valve so as to kit only water escape. 
In order to prevent thi; stciam from cscafiing and at the same time permit 
all condensation to be discharged to any ck'siri'd point having a pressure 
less than that of the steam, automatic steam traps or condensation-control 



Fk;. Simple Method 
of Dniimii^ Drips. 
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appliances are employed. Steam traps, in fact, are used for this purpose 
in practically all plants. In some of the older plants, high-pressure drips 
were automatically and continuously returned to the boiler by the steam 
loop or Holly loop, but few of the modern plants are equipped with these 
devices. 

Low-pressure drips, if contaniinatcd with oil, ar(i either discharged to 
waste directly or through the agency of steam tray)s. If the condensate 



is pure and fit for re-use as feedwater, it is usually returned to the boiler- 
feed system by the same means. Where large qiiantities of water are to 
be handled, some type of ]3ump is preferred to the trap system. 

297. Steam Traps. — Automatic steam traps may be divided into 
several classes, depending upon the service for which they are intended: 
(1) return traps, in which the water is returned directly to the boiler; 
and (2) non-retum traps, in which the condensation is discharged into 
any receptacle having less than boiler pressure. They may also be classi- 
fied according to the steam pressures involved as (a) high-pressure, (h) 
low-pressure, and (c) vacuum. All of these classes may be subdivided 
into five types according to the principle of operation, viz : 

I. Float. III. Bowl. 

II. Bucket. IV. Expansion. 


V. Differential. 
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CLABSIFICATJON OF A FEW WELL-KNOWN STEAM TRAPS 

Float .... 

Buckt'l .... 

Dump. . . . 

Steam Traps. 

ICxpaiision. 

DilTorontial 

Float Traps. — 505. shows a sociicui 1hrouf;h a Johns-Manville 

trap, illustrating one of flu* siin])l(‘st tvi)os of float valves. The float is 
unattached and free to revolve in any diiertion, and acts as the valve 
scat. When eoiupletely dis(‘harged, (he unl)ala.ne(‘d i)ressiire in the body 
of the traj) holds the ball against its seat. Water gravitating into the 
trap lifts th(* l)all ofl‘ its seat and is discharged through the orifice by the 
steam pressure .acting upon the siu facc* of th(' licpiid. This process con- 
tinues until the level in the v(\ssel once more brings the ball in contact 


I John.s-Miinville. 
1 McDaniel 


') .\rmc 
1 Kiclcy 
Bundy 
Moivhoad. 
Metal . . . 

Fluid. . . 

Flinn. 

Siplion. 


Columbia. 

Oeipel. 

Webster. 

Sarco. 



with the seat. A gage glass indicates the height of water in the chamber. 
Figure 506 illustrates a float trap of the levca- type. The rising and 
falling of the float opens and closes tbc valve in proportion to the rate of 
discharge. 

Unless float traps are well made and proportioned, there is a danger of 
considerable steam leakage through the discharge valve, due to unequal 
expansion of valve and seat and the sticking of moving parts. The discharge 
from a float trap is usually continuous, since the height of the float, and 
consequently the area of the outlet, is proportional to the amount of 
water present. When the trap is working lightly, this adjustment is apt 
to throttle the area and create such a high velocity of discharge as to cause 
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a rapid wear of valve and seat. This defeet is more or less evident in all 
steam traps discharging continuously. For this reason all wearing parts 
should be accessible and readily replaceable. 

Bucket Trapti. — Figure 507 shows a sec,tion through an Improved 
Acme ” steam trap. The water of (*,ondensaiion (*nt.(n's the cast-iron vessel 

at Aj filling the space 1) between the 
bucket E and the walls of the trap. This 
causes the buck(‘t to float and forces valve 
F against its s(‘a,t (valve V and its stern 
being fastened to th(^ buc.krd. as indicated).' 
Wh(ai the water iis(\s above' thc^ edges of 
the bucket, it ove'rflows and causes the \ 
buck(‘t to sink, thei*eby withdrawing valve \ 
V from its seat. This permits the steam \ 
pressure acting on the' surface of the water 
in the bucket to foi eu', the water through 
the annular space H to discharge opeming 
G. Wlien th(' bucket, is emptied, it rises 
and closes valve Fand another cycle begins. 
By closijig valve R 1h(^ ti‘ap is by-i)assed 
and the ('ondensation blows direr^tly through passage F to discharge G. 
The discharge from this type of trap is intermittent. 

Dump or Bowl Trapt:;. — Figui*e 508 shows an elevation of a Bundy 
bowl trap of the “ return design. TIk' wattu’ ent.ei’s the bowl as indi- 
cated, passes thi'ough trunnion T and rises 
until its weight ()\'('rbalances counterweight. 

W and the bowl sinks to the bottom. As 
the bowl sinks, arm A, which is a part of the 
bowl, rises and engn,ges the nuts N on valv(' 
stem N and opens valve T, thus admitting 
live steam pressure on to the surface of the 
water. The trap then discharges like all 
others. After the water is discharged, weight 
W sinks and raises bowl /i, which in turn 
doses valve F, and the cycle begins again. 

Air valve E is for the purpose of equalizing 
the pressure in the chamber immediately after 
discharge. This valve closes just as valve F 
opens and conversely opens when valve F 
closes. The air valve is vented to the 

atmosphere. Bowl traps are necessarily intermittent in their dis- 
charge. 



508. Typical Dump or 
Rowl Tnip. 



Trap. 
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Expansion Traps, — FA'paii.sion traps may ])e divided into two groups: 
(1) those ill which the discharge valve is operated by the relative expansion 
of metals, and (2) those in whi(‘h the action of a volatile fluid is utilized. 

Expansion tiaps will never fieeze, as tliey are open when cold and all 
the water drains out ])ef()re 1h(‘ frcH^zing tem]X'rature is reaclnal. 

Since traps of this tyi)e have little capacity for holding water, 5 to 10 ft, 
of pipe should be provided between the trap and the i)ii)e to be drained, 
in order that the condensation may collect and cool. 

Figure r)()9 shows th(' gcaieral apjx'arance of a Columbia ex]xinsion trap 
in whi(;h the valve is operated ])y the expansion of nu'tallic tubes. Water 
gravitates to the traj) through the o])('ning marked " inlet passes through 
brass pipe 0, then downward to tlui main body of the valves and back to 
outlet valve C. Below pipe O and parallel lo it, is an iron i‘od N, at the 
end of which is the suijpoit or fulcrum of lever R. 'The lowc'r end of this 
lever is c.onnected to the stem of the valve (\ so that any movement of 
the lever is (‘-ominunicated to it. When the trap is cf)ld, valve C is open 
and all water of condensation passes out. The moment steam enters 
the i)ipe 0, it expands. The amount of exi)ansion is multiplied several 



Ttm]) (Lover 1'v|)(0. 


times by the action of iho, lever J\j so that the movement of the valve is 
much greaba’ than th(’ expansion of the pii)e 0. Th(^ compensating 
spring I) prevents the biass tulu' from damaging itself by excessive expan- 
sion. Lever A permits tlu' tiap to be blown through by hand. 

Figure 510 shows a section through a Ceipel trap in which the valve is 
operated direct'y by the expansion of two metallic- tubes and the move- 
ment is not multiplied by levers as with th(‘ ('olumbia. The lower or 
brass pipe constitutes the inlet and is conn(‘cted to the vessel to be drained; 
the upper or iron pipe is the outlet for discharge. The two pipes form the 
sides of an isc'sceles triangle, the base F of which is rigid, while the apex 
A is free to move in a direction at right angles to the linear expansion of 
the tubes. When cold, the ))rass pipe is contracted, and the apex, in which 
the valve seat is placed, is moved down so that the valve is open and the 
water is discharged. As soon as steam enters the brass pipe, the latter 
expands and forces the valve seat against the valve. The trap may be 
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adjusted for any prc^ssure by means of the lock nuts E. When it is desired 
to blow through, the valve may be operated by hand by pressing the 
lever. 

Figure 511 shows a section through a Webster 
silphon trap, illustrating the expansion principle 
in which the motive ])owor is the pressure of a 
volatile fluid. This style of trai) is suited to eom- 
parativel}’^ low pressure's only, and has practically 
supplanted all otheu-s foi* low-prc'ssurc drains. 
The bellows is formed from a single seamless! 
piece of mental and is filled with a charge of 
volatile' fluid or va])e)r whic'h boils at a compara- 

1 * 10 . 511. Wi'bsU'r tiveiy low tempe'iature. AVhe'.n e^old the bellows 
Silplion j j 1 1 j 1 * 1 • A 

is e'ontraeied and the valve is o])en. As soon as 

the temperature for whie*h the silphon is de^sigiu'd is reached, the volatile 
fluid boils and ])re\ssure is developed, 
extending the^ bc'llows and forcing the 
valve against its seat. Whc'ii the^ tem- 
perature drops, owing to the cooling of 
the condensate, the pressure in the 
silphon is lowered, the 

bellows conti’acts and Fig. 512. Sarco Steam Trap, 
the valve' opc'ns. 

Figure 512 shows a section through a Sarco steam 
trap which differs from the Wc'bster in that the' actua- 
ting fluid (a hc'avy hydroe*arbon oil) surrounds the 
silphon bellows. This devie'C' is suitable for jDressiires 
up to 200 lb. per sep in. 

Differential Trays, — Figure 513 shows a (*toss sec- 
tion through a Flinn differential trap. The column of 
water X acting on eliai)hragm D closes valve V. The 
water entering pipe E and the aedioji of the spring 
equalize column X and open the valve. Describing 
the action in further detail, the water of condensation 
enters at A, fills lower chambei- F, pipe X, and 
receiving chamber C up to the level of the top of 
Fig 513 Flinn Diff This column of water acting on the under 

erential Trap. ^^de of the diaphragm D forces the valve to its seat 
against the counter pressure of the spring S. Any 
additional water that enters the trap overflows through pipe X, filling 
chamber F and pipe E to a point about midway of its height, where the 
effect of the column of water in pipe X is balanced. The pressure on 
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Outlet 
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each side of the diaphragm is then equal, the short column in pipe E, 
aided by the spring, balancing the pressure of the longer column in 
pipe X. Any further increase in the height of tlu^ water in pipe E 
causes a depression of the valve T, which allows wjiler to escape until 
the column has fallen to a level a little below the middle of pipe E, when 
this valve closes again. This action is ri^iiealed at, intervals according 
to the quantity of water entering th(' trap. So long as the water keeps 
coming in sufficiently large (piantities, the valve lemains wide open. 

Srpho'ii Traps. — Figure 51 1 gives a general view of a siphon trap, 
which is much used in draining lowqiressure systems, as, for example, 
the separator in an exhaust-ste.mn heating systcan. Tt consists (essentially 
of two legs A and B, which may be close togt'ther oi* any distance apart, 
but the lengths of which ipust. be sufficiently great to 
prcivent pressure, acting through ihiie /, fioin forcing the 
water out of B. (/ is a vent, |)i])e (‘xUniding to tlu^ air to 
prevent siiihoniiig; O is the discharge lor the, condensed 
steam. In ordinary ojieration B is fill(‘ti witli water which 
is constantly overflowing, and A with steam and water, the 
total pressure in both h'gs Ixang The si])hon trai) 

is applicable for low pressur(‘ only, as it, r(Hiuires approxi- 
mately 2.3 ft. (jf vertical space E for each 11). per sep in. 
pressure in the pipe. Allowable head is represented by 
vertical distance N. 

Wherever possible, a t-raj) should be locatcal so that the 
condensation will flow into it by gra.vity. This will insure 
positive drainage'. SonadJiiies, however, the cjoils, cylin- 
ders, or pipes to be drained ai e located in a pit, or trench or 
lie on a basement door whc'ie it is impossible to s('f. the trap 
so as to receiver the drips by gravity without placing it in an inaccessible 
position. With very low ]jr{\ssures this is often unavendable, but with 
pressures of 5 lb. oi’ more the trap may be i)laced abov(^ the point to be 
drained. If a tray) is s(it in an (ixposed placii, a drain should be provided 
at the lowest point to frc'c the pipe of water when steam is shut off. A 
dirt catcher or strainer should be ydaced in the pipe leading to the trap 
to prevent scale, et(\, from reaching the valve. All pockets and dead ends 
should be drained, and no cmidensalion should be allowed to accumulate. 
High- and low-pressure drips should be kept separate. All tanks should 
have gage glasses. 

Return Traps. — The traps previously illustrated, with the exception 
of the one shown in Fig. 508, are of the non-reium or separating design 
and arc intended primarily to discharge the condensate to any vessel 
having a pressure less than that of the actuating steam. In order to 


Y Drain 


Fkj. 514. Sirn- 
l)lc Siphon 
Trap. 
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return the condensate to the boiler or to remove it from a chamber under 
vacuum, it is necessary to add “ ecjualiziii^‘ ” valves for the purpose of 
admitting high-pressure steam wluni the trap is ready to discharge and 
for relic'ving the pressure after the water has been disposed of. These 
valves arc usually incor])oi‘ated in th(' design of traps int(Muled for this 
service. Figure 515 shows the basic priiu'iples of a return trap. The 
trap must be placed 3 ft. or more above the water line in the boiler so 
that the water may gravitate to the latter. Wlicai tanpty, the trap is 
vented to the atmosphere and is ready to receive the waU'r from the 
return line A. If the pressure in the return i)ip(' is not siiflicient to liftl 

the water into the trap, a ])iimp or a\ 
non-return trap must be used to elTect'^ 
this result, Wat.ei‘ fhnvs into the return 
trap until it reac‘h(‘s the discharge point, 
when the equalizing valves closes the 
vent, to the at.mosphcre and admits 
boiler steam into the body of the trap. 

As soon as t h(^ head of the water in 
th(i discharge' pipe' (), i)lus that e)f the 
live steam in the trap, is greater than 
the pressure against check valve /), the 
water will gravitate int o the^ be)iler. At 
the enel e)f diseharge, the fle)at or actua- 

Fio. 515. Return-Trap InstaUation. nioohaiiisin shuts otT the live steam 

anel e)])ens the vent to the atmosphere, 
and the trap is in position one^e more for receiving its sujiply from the 
return line. The check valve (J i)revents the water from being forced 
back to the return pipe while the trap is discharging. 

When extracting coiukuisate from a vacuum chamber, the trap must be 
placed so that the water will flow into it by gravity. When full, the 
actuating mechanism oi)ens th(^ steam valve for admission of live steam, 
which in turn forces the contents out of the tra]) through a discharge 
valve. When em})ty, the mechanism returns io the filling i)osition, closes 
the steam and discharge valves and opens the vent to the vacuum chamber. 
The condensate then gravitates into tlie trap as before. 

The steam loop, Fig. 510, while a practical means of returning high- 
pressure drips to the boiler in small plants, is little used because of the 
annoyance in starting up. It is of academic value, however, in showing 
how water may be returned to the boiler without the use of a trap, pump 
or injector. 

In the figure the loop is returning the condensation from a steam separa- 
tor to a boiler above the level of the separator. The apparatus is very 
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simple, consisting of one horizontal and two vci'tical lengths of plain pipe 
placed as indicated. Pipes J\ and B may be covered, but horizontal 
A is left uncovered, as its function is that of a condenser. The oj)eratioii 
is as follows: Circulation is tirsi started by ()]M'ning st,o[) valve 0 at the 
bottom of the drop k'g until steam esca])(‘s. ''Phe valve is then closed 
and the steam in the horizontal A condenses and gravit.aies to the drop 
leg B. On account of the slight n'diiction in pn'ssurc^ in the horizontal, 



a mixture of spray and steam flows from the sei^arator chamber to the 
horizontal, aiid, coTukuisiiig, gravitates 1o the droji leg. The column of 
watei* in the droj) l(‘g rises until its static head balances the difference of 
pressure in the riser B and th(‘ liorizontab 

In other words, a decr('as(‘ in jnessure in the horizontal produces similar 
effects on tlu^ contents of lh(‘ risei- and drof) leg but in a degree inversely 
proportional to their (Umsities, Any fuit.her ac(uimulation clauses an ecpial 
amount to pass from the bottom of the column to th(i boiler, since the 
pressure in the boiler is th(m less than that at tlu' bottom of the column; 
that is, the steam iiressure on the to]) of the water column i)lus the hydro- 
static head 11 is grc'atei- than th(‘ inessure in the boiler. Once started, 
the process is continuous and recpiires no further attention. 

The Holly loop is an api)licati()n of the stcaim loop to larger plants where 
there are many points recpiiiing drainage. There are a number of the 
older plants employing this systcan of ret urning high-pressure drips to the 
boiler, but its use has been practically discontinued in the modern high- 
pressure central station. In the Holly system, all condensation is collected 
in a common receiver placed at th(' lowest point to be drained. The 
horizontal is a large cylindrical tank located at a considerable height 
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above the boiler room and connected with the feedwater heater through 
a reducing valve. A riser connects the receiving chamber with the upper 
tank, and a drop leg leads from the tank to the l)oiler drum below the 
lowest water level. In starting up, a valve in the boti-om of th(' drop leg 
is opened to the atinosj)herc until there is a eontiiiuoiis flow of steam and 
water entrainment from receivcn* through this oi)ening. The valve is then 
closed, and, by bleeding the upper tank through a reducing valve into 
the feedwater heatxa-, a pressiue is maintained in tlie uppej’ tank or dis- 
charge chamber sufficiently b(flow that of the steam in the rciceivor to, 
permit of a continuous flow of steam and water sjnay from the reccivcrj 
through the ris(ir and into the discharge tank. The steam separates from' 
the water and passes through the reducing valve into the heater, while 

the water colle(fl;S in the bottom of the dis- 
charge tank and in tlu' dro]) k'g until the 
head of the steam and water is sufficient to 
overcome the resistance of the check valve 
in the boiler. The ])rmciples of operation 
are exactly th(‘ same as in the simi)le loop. 
The j)rocess is automatic and continuous so 
long CvS the ])lant is in operation. 

Tigure 517 gives a general assembly of 
the “ S-C high-pressure condensation con- 
troller as installed in th(‘ Calumet , (^rawford, 
Waukegan, and Philo stations. It is id(intical 
in principle to feedwater regulator 

described in paragraph 292. The water of 
condensation gravitates to a suitable leceiv- 
ing tank and the fluctuations in \evv\ actuate 
a balanced valve in the discharge line through 
the agency of the S-C generator. Where 
the return lines are too long to permit of 

^ „ one central rcceivcu’, a small i*eceiver may be 

(Jondensation C.DiitToller. ’ . . 

placed near the condensation source since the 

apparatus is compact and requires but little space. 

In the power plants of tall office buildings, the public sewers are often 
above the basement level, and it is necessary to remove all licpiid wastes 
mechanically. 

The Shone pneumatic ejector, which is in principle a float trap, has been 
found to serve this purpose effectually. This apparatus is placed in a 
pit in the basement floor into which all sewage, drips from engines, wash- 
ings from boilers, and ground water gravitate, and are automatically dis- 
charged into the street sewer by means of compressed air. 
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Figure 518 gives a sectional view of a Shone ejector of ordinary con- 
struction. It consists essentially of a closed vessel furnished with inlet 
and discharge coiuiec^tions fitted with check valves, A and Bj opening 
in opposite directions with regard to the ejector. Two cast-iron bells, 
C and i), are linked to ea(*h other, in reverse positions, and their rising 
and falling control the supply of (impressed air through the agency of 
automatic valve E. 

The bells ai'e shown in their lowest position; the supply of compressed 
air is cut. off from tlu? ejector, and the inside of the vessel is oi^en to the 
atmosphei*e. The sc'wage gjavitating into the 
ejector raises the “bell (\ which in turn actuates 
the automatic valve thereby closing 1 1 a* con- 
nection between the insi(l(‘ (J* the ejector and 
the atmosphere and o])(‘nifig the connection 
with the compressed aii‘. i'lu*, air pn^ssurc 
expels the (jontents through the bell-mouthed 
opening at the bottom and the discharge valve 
B into the main sewer. Discharge continues 
until the level falls to such a point that the 
weight of the sewage retained in the bell I) is 
sufficient to pull it dowai, thercl)y reversing 
the automatic valve. This cuts off the supply 
of compressed air and reduces the pressure to Fiu. 518. Slione Ejector, 
that of the atmosphere. 

The positions of the bells are so adjusted that ccjinpressed air is not 
admitted until the ejector is full, and is not allowed to exhaust until 
emptied down to the discharge level; thus the ejector discharges a fixed 
quantity each time it operates. 

Two ejectors, each of a capacity suitalie for handling the average 
flow of tributary sewage and so arranged that they can work cither inde- 
pendently 01 ’ together, are usually installed al each ejector station. 

The main sanitary sewer of the building usually discharges directly 
into the ejectors, the surface water, dri})s, etc., being collected in a neigh- 
boring sump. The latter is connected to the sanitary sewer through a 
trap or backwater valve. 

Steam Traps — Their Selection, Installation and Upkeep: Power, July 11, 1922, 
p. 45. 

Steam-trap Installation and Operation: Power, Oct. 9, 1923, p. 573. 

Tests of Radiator Traps: Jour. A.S.II. & V.E., Mar., 1923, p. 79. 




CHAPTER XVI 
PIPING AND PIPE FITTINGS 

!!98. General. — The main object in any steam power station is to 
use the least piping ])ossil)le, (ionsistent with the reciuii'enients of the heat 
balance, and at the sanu; time to ])rovi(le facilitic's for shutting down any 
I)ort/ion of the different a])i)aratiis and pi])ing without interfering with the 
service for which the sl,ation is intciuhnl. Simplicity and flexibility are 
of prime importance, l)ut sahity is the fundamental rc(iuircmcnt and should 
not be sacriticed for ('conojuy. 

While pipes, fittings, and valves have been pretty well standardized, 
there is no standard system of j)iping arrangement because of the diversi- 
fied layout of each power station. Each plant is a separate problem and 
the piping must, be arranged t.o confonn to its specific retiuirements. 

The engineer usually sjiec.ifics the make, style, and size of valves, pipes, 
and fittings, furnishes drawings showing the location of the various boilers, 
pumps, etc., and indicates the aiiproximate location of the jiipe lines and 
fittings; but, as a rule, he leaves the exact details of construction and 
installation to the pipe contractor. Some idea of current practice in this 
respect may be gained from the piping specifications outlined in para- 
graph 374. 

A detailed analysis of the design, in.stallation, and operation of the 
various kinds of piping systems in ixiwcr plants is beyond the scope of 
this book, and the reader is referred to Steam Power Plant Piping Systems, 
by Wm. L. Morris, McCraw Hill Co., Publishers, for extended study. 

299. Materials for Pipes and Fittings. — An inspection of the curves 
in Fig. 98 will show that there is very little difference in the ultimate 
strength and yield point of the various metals used in lihe fabrication of 
pipes and fittings for temperatures between 70 and 450 deg. fahr. Above 
450-500 deg. fahr., the ultimate strength and yield point begin to fall off, 
the rate of decrease varying widely with the character of the material. 
Therefore, foi' temperatures up to 450 deg. fahr. no attention need be paid 
to the temperature factor in pro|)ortioning the thickness of the various 
parts. In the modern central station involving temperatures of 750 deg. 
fahr. and in certain industrial plants where temperatures of 1000 deg. 
are not uncommon, the temperature element is an important factor in 
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the design because of the greatly reduced ultimate strength and yield 

point. 

Wromjht Steel. — The greater poi-tion of the piping of the average steam 
power plant is of Bessemer or open-hearth si eel made under the specifica- 
tions of tube mills for this class of material. The tubes arc lap-welded, 
hammer-welded, butt-welded, riveted, or seamless-drawn depending upon 
the size of pipe and the s(n vic(' for which they are intended. Wrought- 
steel pipe is cheaper than that manufactured from other materials and 



100 200 m 400 500 coo 700 800 000 1000 
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Ft(j. 519. Effect of TJip;h Temponituro on the Phy.siciil Properties 
of Wroiight-.steel Pipe. 

fulfills practically all ix'qiiire.ments for general servi(;e. See Fig. 98 for 
influence of tempc'iatuic on the ultimate strength, elastic limit, and 
elongation of wronght-stoel })i]^e mateiial. Pipe couplings, pressed-stoel 
fittings, and certain grade's of forged-steel flanges are also made from 
Bessemer or open-hearth steel. 

A.S.T.M. Sj)cciJ(r(ih(>N,s jor IVvItlal and Scarnletis Steal Pipe: Am. Soc. Testing 
Materiiils, Stiiiidfuds, 1021, A5a, [i. 2IS. 

Wrought Iron. — The', term ^‘wrought iron” in a commercial sense 
refers to Bessemer or open-hearth steel, and unless it is distinctly specified 
that genuine wrought iron is desired an order calling for wrought-iron 
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pipe will ordinarily be filled with the steel product. Genuine wrought 
iron is softer than steel and welds more readily, but its tensile strength is 
somewhat lower. It is eommoTily used for boiler tulles, and to a limited 
extent for water, gas, and steam pipes, but it is not much in evidence for 
high-pressure steam piping. Wrought-iron pipe has a longer life than 
steel under certain conditions: 

A.S.T.M. Specifications ftyr Scatnlcs.'^-sffd (171 fl Wroui/ht-irov Boiler Tubes for Stationary 
Boilers: Am. »Soc. Toslmg Mat-r.nals, Standards, 192J, p. 210. 

Cafii Iron. — ('ompanion flanges, valve luxlies, manifold headers ancj 
special fittings are mad(^ of gT*ay cast iron foi* st(\‘xm pressures up to 25Q 
lb. gage pressure and temperatures up to 450 deg. fahr. Cast iron is\ 
commonly used for underground water and, gas service and in connection'' 



Y Branch RedurinB 

or Lateral Coupling 



Ficj. 520. Standard Sciow(‘d CJahl^iron I''itting«. 


with certain industrial processes where the corrosion of wrought iron or 
steel would be excessive. The chief objections to cast iron for high- 
pressure steam are its weight, low tensile strength, and latjk of ductility. 
While the tensile strength and yield point are little influenced by tem- 
peratures up to 1000 deg. fahr., it has been definitely prov(^d that cast iron 
in actual seivice, when subjected to continued temperatures of approxi- 
mately 450-600 deg. fahr., takes a permanent expansion set and does not 
return to its original volume when cooled. (\ast iron is little used in the 
steam piping systems of the modern high-pressure central station. 

Standard Specifications for Cast-iron Pipe and Special Fittings: Am. Soc, Testing 
Materials, Standards, 1921, A44, p. 336. 
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Cast Steel. — All fittings, valve bodies, and oast-metal manifold headers 
in the modern high-pressure high-temperature plant are made of cast steel, 
straight or alloyed. The ultimate strength and yield point is high even 
at temperatures of 900 deg. fahr. and there is but- little permanent set 
after long-continued s(irvice at a t-enipeiature of 750 deg. 

Malleable Iron aftd Semi-steel. — Small screwed fittings and various 
sizes of companion flanges are frequently made of malleable iron, which 
is midway between cast iron and cast steel in its composition and physical 
characteristics. Its tensile sf rength is about twice that of cast iron and 
it is not brittle and subject to breakage by a sudden blow. Semi-steel 
is a mixture of mild-steel scraji and pig iron with a small quantity of 
manganese or other spiM’ial flux and it is used for larger-sized valves and 
fittings in which closer grain and strengtli are need(Hl but in which the 
temperature does not exceed 500 deg. fahr. 

Miscellaneous Materials. — Copper, brass, bronze, and monel metals 
are the principal noii-feiroiis materials used for valves, fittings, or trim- 
mings. Brass valves and fitt ings arc' used where salt water is to be handled, 
because of the resistance of this mc'tal to Ihe con-osive action of the water, 
but are not in evidence in steam line's, c'xcept for low pressures and tem- 
peratures, and then only for pipe size's under (3 in. in diameter. Monel 
metal, because of its high tensile' strength at high tempcratuies and high 
resistance against erosion and corrosion, is used almost exclusively for the 
internal trimmings of superheated-steam valves. 

Copper pipes were in common use for steam for many years in marine 
service on account of their flexibility. To increase the bursting strength, 
pipes above 0 in. in diameter were gemerally wound with a close spiral of 
copper or composition wire\ In recent years wrought-iroii and steel pipe 
bends have practically sujxnseMled copper for flexible connections. As a 
rule the use of copper pipes should be avoided for high teanperatures, on 
account of the rapid deterioration of the metal under temperature and 
stress variations. The cost is j)rohibitive for such purpostjs and this alone 
prevents it from being seriously considered in the manufacture of pipe. 
Copper expansion joints arc oitcasionally used in low-{)ressure work. 

Brass is little used in the construction of steam pipes except for certain 
industrial purposes, on account of its high cost. It withstands the corro- 
sive action of air and moisture much betti'r than iron or steel and is some- 
times used in connecting the feed main with the boiler drum. Special 
alloys, nickel steel, ferrosteel, malleable iron, and the like have been 
used in the manufacture of pipes, and possess points of superiority over 
wrought iron and steel for some purposes, but the cost is prohibitive 
except for special applications. 

Galvanized iron pipes and fittings resist ordinary corroding agencies 
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mor (3 readily than the bare metal, but the coating is rapidly destroyed by 
mine-water, tunnel gases and sea-water. 

Lead-lined and lead-covered (;ast-iron, wrought-steel, and brass pipes 
arc used where internal and external protection against acids, mine water, 
salt water, and the like is essential. Tin-lined brass pipes are also used 
for this purpose. 


Protective Coctingy for Pipe: Bui. No. 8 C, 1022, National Tube Co., Pittsburgh, Pa. 
Properties of McUits at High Temperatures: Trans. A.S.M.fO., Vol. 44, 1922, p. 1130; 
Power Plant Engrg , Aug. 1, 1924, p. 801 ; Power, June 24, 1924: p. 1020. 


300. Size and Strength of Commercial Pipe. — Wrought-iron and mikk- 
steel pipes arc marketed in standard sizes. Those most commonly usecl 
in steam power plants are designated as \ 


1 . Merchant or standard pipe. 

2. Full-weight pipe. 

3. Extra heavy or extra strong. 

4. Double extra heavy oi* double extra strong. 

5. Large O.D. pipe. 

6. Hydraulic. 


Table 88 gives the dimensions of standard full-weight pipe, which is 
specified by the nominal inside diameter up to jind iiuJuding 12 in. and 
based on the Briggs standard. Wroiight-steel pipes larger than 12 in. 
are designated by the actual outside diameter (O.D.) and are made in 
various weights as determined by the thickness of metal specified. Manu- 
facturers specify that “ full-weight pipe may have a variation of 5 per 
cent above or 5 per cent below the nominal or table weights, but merchant 
pipe, which is the standard pipe of commerce, such as manufacturers and 
jobbers usually carry in stock, is almost invariably under the nominal 
weight. It varies somewhat among the different mills, but usually lies 
between 5 and 10 per cent under the table weight. The smaller sizes of 
merchant pipe, 1/8 in. to 3 in., are butt- welded and the larger sizes are 
lap-wclded. 

Extra-heavy and double-extra-heavy pipe have the same external 
diameter as the standard in order to accommodate pipe-thread standards, 
but are of greater thickness and hence have a smaller internal diameter. 
Taking the thickness of the standard pipe as 1, that of the extra heavy 
is approximately 1.4 and of the double extra heavy 2.8. 

Hydraulic wrought-steel pipe is constructed only in 9, 10, 11 and 12-in. 
inside-diameter pipe sizes. 

When it is desired to have the inner surface smooth, the pipe is “reamed 
and drifted.” 



TABLE 88 

DIMENSIONS OF STANDARD ” WROrGHT PIPE 
'National Tube Co.) 
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The Crane Conripany recommends the following rule for determining 
the proper weight or thickness of Bessemer or open-hearth wroiight- 
steel steam piping to be used in power plants. 

P = 2 E{t - 0.08) Fd (266) 

in which 

P = working pressure 11). per sq. in. gage, 

E — clastic limit of the material at the temperature considered, 

t = thickness of pipe, in., 

F = factor of safety = 4 for lajvwelded and 5 for buti, -welded, j 

d = outside diameter of pipe, in. 

The values in Tables 81) to 90 are based upon ecpiation (266), iisinjfj 
21,600 lb. per sq. in. as the elastic limit, "^his is the elastic limit, at 70() 
deg. fahr., which covers most commercial installations. (See Fig. 519.) \ 

Tables 89 to 896 give the safe working pnissure for full -weight, extra 
strong, hydraulic, and large O.D. pipes. Table 90 gives thci proper pipe 
to be used for various pressures, as cahailatcd from ecpiation (2()6). These 
tables may be used for all temi)eratures up to and including 700 deg. fahr. 

Standard full-weight wrought-steel pipes are marketed in random 
lengths varying from 12 to 20 ft. with j)lain or threaded ends. Extra 
strong and double extra strong pipe is shipped in random lengths with ' 
plain ends unless otherwise ordered. 

Tables 88 to 90, inclusive, aj^ply only to standard welded wroiight-steel 
pipe. Standard welded wrouglit-iron pipe has a thicker wall than welded 
steel pipe and consequently a smaller internal diameter. Seamless tubes 
are seldom used for steam pipe lines but are much in evidence in the fabri- 
cation of steam boilers, superheaters, dry pipes, arch pipes and water 
grates. Riveted steel pipes are commonly used for hydraulic and low- 
pressure steam lines and to a limited extent for high-pressure steam lines. 
There are so many kinds of j)ipeH on the market, designed for such a wide 
field of application, that no attempt will be made even to enumerate them, 
and the reader is referred to the various publications issued by the National 
Tube Co., Frick Building, Pittsburgh, Pa., for descriptive details. 

Estimated Fabricated Pipe Costs- Power, Mar. 10, 192(’,, p. UA; Mar. 23, 1020, p. 443. 
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TABLE 896 

ALLOWABLE W()HKIN(i PKESSUUES Foil UYDIlAULir WIIOUOHT-STEEL PIPE 

(C’liine Co.) 
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F = Full-weiKlit, Exliu stroun, XX DoubU extra strong, * = Full-weight lap-welded may be used, 
t “ Should bo lap-weldod, H = Hydraulic pipe. 
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301. Pipe Connections. — In oreotins a pipe lino, the different lengths 
of pipe are joined to each other and to the various fittings by threaded, 
bolted, calked, and welded joints. 'rh(‘se joints may lie applied to any 
class of pipe, the particular eoniua'tion best suited for the pui pose depend- 
ing upon the size and material of the pipe and the service for which it is 
intended. Pipes with thread(‘d ends may be joined together by means 
of (1) wrought couplings, Fig. 521; (2) nut unions, Fig. 522, which are 





X'llj. 0 ^ 0 . Bcll-jind-Si)igot Joint for 
r. 1. Pipo (A. W. VV. Standard). 


intended for j)ipe sizes of 3 in. and under, and (3) flanged unions, Fig. 525, 
A, B, Cj etc. Wrought coujJings luv often used wlien^ runs of j)ii)es are 
longer than lengths available' or where cut. i)ip(' is used, and the nut and 
flanged unions where the last tilting is mad(^ up and where the joint may 
be taken apart-. Polted couplings arc used invariably on pipes and 
fittings with flanged ends. Bell-and- 
spigot joiTits, Fig. 523, calked with 
lead, Clannistcr packing, or cement, 
are used mostly on Avater and low- 
pressure gas lines. This type of joint 
is so designed as to permit slight 
deviations from the regular alignment 
of the line without the use of special fittings and btujds. This feature 
is particularly d(‘sirable in trenches which follow the (‘ontour of rolling 
or hilly country or which have not been k'veled on tlu' bottom. There 
are so many types and designs of joints on the market that it is im- 
possible to cover the subject in a woik of tliis nature, and the reader is 
referred for extended study to ])ubli(rations issiual by the National Tube 
Company, Frick Building, Pittsburgh, Pa.; Crane Company, Chicago, 
111.; Grinnell Company, Chicago, 111.; and other pipe manufacturers. 
Only a few of the joints commonly used in steam power jflant service 
are briefly described in this chapter. 

All pipe connections and fittings should be designed in accordance with 
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established standtards. The Arneriean standards, as recommended by 
the A.S.M.E., are universally used in this country for wrought-metal pipe 
connections and fittings, but there is no single standard for cast iron. 
The American Waterworks Specifications are used for cast-iron water 

pipe, and the American Gas 
Institute Standard for cast-iron 
gas pipe. 

Screwed Con flections. — The 
details of the national American 
Standard thread are shown in 
Fig. 524. (Trans. A.S.M.E.^ 
Vol. 41, 1019, p. 101)7.) The end 
of ,lhe pipe is tapered 1 to lii 
measured on the diameter, tha 
angle of t he thread being 00 deg.\ 
with the axial plane. The crest \ 
and th(' root are truncated an 
amount ecpial to 0.033 of the pitch (P). The depth of the thread, 
therefore*, is 0.8 P. The length of the thread and other dimensions are 
determined from the following rules: 


riU-hlUla uf 
Thrend at End 
uflPIpe 


Fic 524 



Minimum PiLcii DIb. 
uf Struuflit 
Fcnialo Iju( k Nul 
(Internal Thread) 


"American Standard’ 
Threiid 


Pipe 


A = G- (0.05 (?+ 1.1) P 

(267) 

B = A+ 0.0625 F 

(267(7) 

E = P (0.8 G + 6.8) 

(2676) 


in which 

A — pitch diameter at the end of the pipe, in. 

G = outside diameter of the pipe, in. 

P = pitch of thread, in. 

B = pitc.h diameter at the gaging notch. 

F = normal engagement by hand between male and female threads. 

E = length of effective thread. 

The maximum allowable variation in the commercial product is one 
turn plus or minus from the gaging notch when using working gages. 

The length of thread screwed into valves or fittings in order to make 
a tight joint is given in Table 91. 

When properly made, a screwed joint will hold against any pressure 
consistent with the strength of the pipe. The threads, however, are 
often poorly cut and the parts screwed together improperly cleaned and 
lubricated, thus causing leakage between the threads. 
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TABLE 91 


LENGTH OF THREAD ON PIPE 
(All Dimensions in Inchas) 
Ainencnn Sliindnrd 


Size of 
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Size of 

Length of 

Size oi 
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4 

1 .'i 
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Above dimensions do not allow for Muiutioii m fappiriK or threiidim; 


Flamjed Connections. — l<"ip;uro 02 ") illiist rates some of iJio more com- 
monly known methods of fitting flanges to the (aids of wroiight-metal 
pipes. 



Sliruuk 



Screwed Rolled 



■Riveted 



Fig 525. Types of Pipe Flanges. 


In A to Cj Fig. 525, the pipes are screwed into cast-iron or forged-steel 
flanges and the two faces, with metallic or composition gasket between, 
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are drawn together by bolts. A illustrates the most common and inex- 
pensive of flanged joints, and recjuires no special tools and can be made 
up at the place of erection. It gives satisfactory results for pressures of 
100 lb. or less, but for higher i)ressures leakage is apt to take place be- 
tween the threads. The flanges arc sometimes made with a long thread 
and a recess which can be calked with soft metal. A similar joint is made 
with the pip(‘ s(!r(*wed beyond the face of the flange and the two faced off 
together, either plain or as shown in B, which is known as a male and 
female, or hydraulic, joint. This method forms a very reliable joint, 
since the ends of the pii)0 bear on the gasket, and th(^ gasket is prevented 
from being blowm out. An objection lies in the difficulty of opening the 
line to remove the gaskf^t or replace a fitting. is a modification know|i 
as the tongued and grooved joint, which usqs an extremedy narrow gasket. 
Such flanges may be subjected (.o severe strains when the bolts are drawn 
up, owing to the small area of contact. Metal gaskets are recommended, \ 
since soft material is apt t.o be S(iu(‘.ezed out. In the ends of the pipe \ 
arc peened, which is an improvement over the simjile screwed joint. D 
illustrates a shrunk joint. The tlanges are bonal for a shrink fit and 
forced over the jiipi^ when at a red heat. After cooling, the end is beaded 
over into a ri'cess on thii face of tlu' flange and a light cut taken from 
both. II shows a modificafion in which the hub is riveti^d to the pipe. 
E illustrates a joint constructed by rolling the pi])e into a corrugation in 
the flange. The end of the pi})e is then faced off flush. 

A very successful commercial joint is illustrated b>' F and is known as 
the lap or Van Stone tyiie. The' jhpe is expanded as indicated, and a 
light cut is then taken from th(‘ flared ends to insure a tight joint. The 
flanges are loose and iiermit of considerable flexibility in shifting them 
through various angles. Soft steel, co))per, monel metal, aluminum and 
various types of prepared asliestos gaskets are used with this joint. For 
very high steam pressures and teinjieratures up to 750 deg. fahr., the 
pure, soft-annealed, aluminum gasket appears to give satisfaction. 

Pipes with flanges welded on the end, as in (7, are used in a number of 
central stations for high-inessure and high-temperature work. The faces 
are ordinarily raised 1/32 to 1/10 in. inside the bolt holes and ground to a 
steam-tight fit, so that thick gaskets are unnecessary. Tongue-and- 
groove faces are also used for high-pressure steam service. 

For ordinary pressures and temiieratures, any of the joints when well 
made will prove satisfactory. For extremely high jiressures and tem- 
peratures, Van Stone joints with full thickness of pipe at the weld, or 
hammer-welded joints, are standard practice. In the different designs 
of Van Stone joints in use, the flanges themselves are proportioned in a 
variety of ways but the basic principles involved are the same. 
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Figure 526 shows the Crane Company design for pi ossiircs uj) to 800 lb. and 
temperatures up to 750 deg. fahr. It will be noted that tlie full thickness 
of metal has been maintained at the end of the pipe. The Sargol joint, 
Fig. 525 7, Avhich is used in a number of stations for pressures of 400 to 
500 lb. gage, differs from the usual design of Van Stoiu* joint in that no 
gasket is used and the joint is scalcHl by welding the edges of the pi[)e lap. 

Details of Sargol Joriita: Koport of Pniiio Movers Commit too, N.E.L.A., T5-21, 
1921, p. 137; Power Phuit Kiigrp;., Aug. lo, 1923, p. S19. 



Fio. 520. Crane “Full 
Thickness Laj).'* 





Fifi. 527. ScreH(‘(l I'liinge Ckiupling 
for High I'lessure.s. 


Figure 527 shows a flanged joint suitable for small pipes in which a very 
high pressure is to be carried, ddiis is only a])j)lieabl(‘ to double extra 
heavy lap-welded pipe or heavy seaink'ss-di'awn tubing. 

Experiments conducted by the M. W. Kellogg Co. show that the ratio 
of gasket to internal hydraulic pressure neta^ssary to keep a joint tight 
should not be less than 12 to 1. In order to maintain a tight joint with 
internal pressures of 400 lb. iier sep in. or nlor(^ alloy-sleel bolts must be 
used in ])lace of the customary mild-steel bolts. 

All flanged connections for wrought ])ii)(! should be i)roportionod in 
accordance with the American Engineering Standards which have been 
adopted by all AmcTican and ('anadian manufai'tureis. Dimensions for 
the American standard for various types of standard, loAv-pressure and 
extra heavy cast-iron fittings and connections for pressures up to 250 lb. 
are given in Tables 92--3. American standards for flanges and fittings at 
750 deg. fahr. for pressures of 250, 400, 600, 000, 1 350, 2000, and 3200 lb. may 
be obtained from the Secretary of the Aimn’ican Society of M(H*hanical 
Engineers, 29 W. 39th St., New York ( 5ty. The Crane Co. reconnmmda- 
tions for flanges, bolting and flange facing for 400-600 lb. steam working 
pressures may b(^ found in the Report of Prime Movers Committee, 
N.E.L.A., 1923, Part A, p. 33. 




TABLE 92 

AMERICAN FLANGE STANDARD 
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Extra Heavj- Flanged Fittings. — Straight Sizes 
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Notes. — Figures given are lor center to faco and for face to face finished dimensions. 

Uhere necessary manufacturers will make suitable allowances in patterns before casting. 
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Welded Joints. — Autogcnously welded (oxy-acetylene) butt joints are 
used to a considerable extent in long pipe lines subjected to moderate 
tcnii)eraiure ranges })ut hav(' not always proved reliable for high-pressure 
steam. Sev(‘ral types of vv(‘lds in which the joints are reinforced with 
sleeves welded on over l)utt, joints have prov(‘d eminently satisfactory 
under most severe conditions of use, but they are not much in evidence 
in the modern steam ])ow(n- plaTit. The majority of si)ecifi cations call 
for Van St, one or Sargol joirjts for high-pressure steam work. 

Outlets for l)ranch connections are frecpieTjGy wctded to the piping and 
offer the advantage of a reduction in the number of joints. For pipe 
sizes under 5 in., autogenously welded nozzles are (luite satisfactory, but 
for larger sizes the joints are usually hammer-welded (forged). Improvej- 
ments in autogenous and (dcictric welding aro to be expeuted, and the above 
statements are necc'ssanly limited to the j)res(mt (192-1) state of the art. \ 
'J'kc Use iij \V(i(itH(j ill l*owvr~j)laiii PipirKj- Mnv 15 , 1025 , ]>. (iSO. ' 

'FABLE 94 


THKIIMVL EXPANSION OF A FEW STFELS 
(Hurcuix of St.'iii(Uiiils, HuJ 431, 1922^ 



Stool Nurnbor 








' 

- 

3 

4 

■) 

Si 

007 

OSO 

23 

1 01 

.25 

Mil. . 

0() 

()i 

OS 

57 

.92 

Sul. . . . 

.035 

0(U 

025 

033 

.033 

Phos. . 

012 

.052 

.012 

.013 

024 

Carbon 

.25 

41 

•12 

.44 

.59 

Tonipoiiitviic IJuiijio, 
I)oK 


Mojiii Coollicionl of l^xpansK 

nil X 100,000 


77°-212‘’ 

0 IS 

0 IS 

1 

5 23 

() 23 

0 IS 

77 "-572" 

() 05 

7.07 

() 74 

7 07 

7 IS 

77"-lll2" 

7 05 

S.05 

7 05 

S 05 

S 11 


302. Expansion of Pipes. — One of the most difficult problems in the 
design of ii pilling system is the jiroper provision for expansion and con- 
traction due to change in temperature. If a pipe is under no stress when 
cold, and the temperature is increased, it will increase in length. The length 
will also be in(!r('ased by the tensile stress effected by any internal pressure 
to which the pipe is subjected. The increase in length due to pressure is 
negligible (except for extremely high pressures and long lengths of thin 
pipe, but that due to temperature may be considerable. 
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TABLE 95 


EX1*ANSIC)N OF riPK 

Incroasc in Length, Inches per 100 f1. 

(Crane Co. ) 


Temp., 

Dog. Fahi. 

Wrought 

Wrjuiglit 

Iron 

(\is| 

lion 

Hra.'^s and 
( *Op|KM 

0 

0 

0 

0 

0 

50 

0 37 

0 37 

0 32 

0 55 

75 

0 56 

0 5(> 

0 51 

0 S4 

100 

0 75 

0 SO 

0 70 

1 15 

150 

1 17 

1 25 

1 07 

1 S2 

200 

1 60 

1 (i5 

1 50 

2 40 

250 

2 07 

2 12 

1 S7 

3 02 

300 

2 50 

2 ()0 

2 35 

3 75 

350 

2 07 

3 15 

2 SO 

4 50 

4(K) 

3 15 

3 1)5 

3 30 

5 25 

450 

■1.07 

1 32 

3 S7 

(■) 12 

5(K) 

4 70 

1 00 

1 15 

7 05 

550 

5 32 

5 .55 

5 07 

S 05 

. (i(K) 

6 (K) 

(“. 25 

5 70 

0 05 

650 

(i 72 

7 02 

() 10 

10 17 

7(K) 

7.50 

7 S5 

7 15 

11 10 

750 

S 37 

S 77 

7 07 

12 67 

SOO 

0 30 

0 75 

S 00 

11 10 


The increase in leng;th for both conditions may be exi)r('ssed 

Ip = paJj/EA (2G8) 

h = p{h — 1)L (2(>8a) 

in which 

Ip = increase in lenp;th due to pressure, in., 

It = increase in length due to the lemperature dilTenMice, 
p = pressure diffeience between inside and outsid(‘ of j)ipe, 11). per sep 
in. gage, 

a = inside area of the ]jipe, s(j. in., 

L = length of the pipe, in., 

E = modulus of elasticiiy (average for ]:)if)e steel = 30, 0(H), 000), 
h = final temp., deg. fahr. (the temperature of the jhj^e is practically 
that of the steam), 
t = initial temp., deg. fahr., 

p = mean coefficient of expansion })etween temperature f and /], 

A = sectional area of the pipe materijil, sep in. 


Example 81. — A 12-in. extra heavy high-pressure steam main is 100 
ft. long when cold (70 deg. fahr.): Required the increase in length when 
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carrying superheated steam at 250-lb. gage pressure, temperature 750 deg. 
fahr. 


Solution. — Here p = 250, a = 108.4, L = 1200, E = 30,000,000, A 
= 19.25, ti = 750, t = 70, ii — 0.0000090 (interpolated from data in 
Table 95). 

Substituting these values in ecpiations (268) and (208a), 


It — 


250 X 108.4 X 1200 


^ 30, ()()(), 000 X 19.25 

It = 0.0000()9() (750 - 70) 1200 = 7.8. 


= 0.050 in., which is negligible. 


If the expansion of the pii)e is constrained, as by anchoring both ends, 
an axial force will be excited on the anchors which is equivalent to th^e 
tensile stress lesulting Froni stretching th(' pipe at constant temperatuilc 
the full amount of tlu' (‘X])aiisinn. This force is independent of the lengtn 
of pipe and directly ])ro])()rti()ual to the increase of temperature. Unlcs.^ 
well braced tliroiigliout its length, the pipe may buckle and become dis-\ 
tortcid. The axial force' exerted by th(' temperatun' increase may be\ 
calculated from the following ecpiation 

p = EAlt - EA{h - (209) 

Notations as in (Hiuations (208) and (208a). 

Example 82. — A 0-in. “ extra heavy ” steel pipe is heated from 0() to 
300 deg. fahr. (the teinjK'rature corresponding to steam at. 105 lb. ])er sep 
in. abs. pressure); re'epured the axial force exerted if the pipe is con- 
strained against moveiiK'iit in any direction. 

Solution. — E - 3(),(K)0,()0(); b = 3()0; t = (iO; g = 0.000007 (inter- 
polated from Table 95), A = 8.5 sep in. 

Substituting thes(' values in eciuation (209), and solving 

p = 30,000,000 X 8.5 (300 - 00) 0.000007 - 535,500 lb. ‘ 

Since tlu^ foicc's producc'd by ex])ansion are jiractically irresistible, the 
pipe is invariably allowed to expand and its movement is prevented from 
unduly stressing the fittings and connections by 

1. Long radius bends. 

2. Double-swing screwed fittings. 

3. Expansion joints. 

Long-radius bends which utilize the elasticity of the pipe itself are 
commonly used for high-pressure work in preference to all other means 
for relieving the stresses due to expansion. The use of pipe bends reduces 
internal friction by providing easy turns, eliminates unnecessary fittings 
and joints, and facilitates clearing all other pipes and structural inter- 
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ferences. Pipe manufacturers are ecjuippcd to make special bends con- 
forming to any shape or dimensions to which it is prac^tical to bend pipe. 





Figure 528 shows a number of standard bends. Tabl(' 07 gives the mini- 
mum radii and lengtli of straight pip(' at the end 
of each bend, and Table 9() the amount, of exy)a,iision 
absorbed by a stanrlard 90-deg. ([iiaiier bend and 
other shapes as leeomnuaided by the Crane Com- 
pany. For an excellent treatise on pipe bends in 
which the problem is analyzed from both a Ponds for 

theoretical and practical standpoint, (jonsult , . , DvorhPoH 

Elasticity of Pipe Bends by S. Crocker and Space. 

S. S. Sandford, Tram. A.S.M.E., Vol. 44, 1922. 

This paper contains graphical charts by means of v/hich the forces acting 
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against the anchorage, the maximum fiber stress occurring in the bend, 
and the amount of expansion which can be absorbed for a given stress 
may be obtained without calculation for standard pipe up to 20 in. and 
bent to radii up to 120 in. 


TABLE 06 

SAFE EXPANSION VALT:KS OF 90-I)F(JJlEE WUOrOJIT STEKL liENDS IN INCHES 


(Full woiKlit III t'xlia liouv> pipp) 
fCraiu* ( ) 



Eor H btMid iniilli])ly ('xpunsion v.mIik's by 2. 

For OfTset and l'\i)ansion IT inuUipIy by 4 . 

For Double Offset and l'jxi)ansi()n Loop multiply by 5. 

1\\HLE 97 

MINTMUM ni’MENSIONS FOIl PIPE PENDS 


(Crami Co.) 


Size of 
Pipe. 

In. 

UadiiuH of H(>n(l, In 

Lon^thH of 

St raiRlit 

Pipe on 

Each 

Bend, 

In 

Size of 
Pipe, 

In. 

HiidiusofBend In 

J^engths of 
Straight 
Pipe on 
Each 
Bend, 

In. 

Full 

WoiHillt 

Pipe 

lOxlrii 

IJeuvy 

Pipe 

Full 

Weight 

Pipe 

Extra 

Heavy 

Pipe 

21 

12 5 

7 

4 

S 

40 

28 

9 

3 

15 0 

S 

4 

9 

45 

- 35 

11 

31 

17 5 

10 

5 

10 

50 

40 

12 

4 

20 0 

12 

5 

12 

60 

50 

14 

41 

22.5 

14 

6 

14 

70 

65 

16 

5 

25 0 

15 

6 

15 

75 

70 

16 

6 

30 0 

20 

7 

16 

SO 

78 

18 

7 

35.0 

24 

S 

IS 

108 

SS 

18 
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Considering a pipe bend as a l)eain of special form one end of which is 
fixed and the other end of which is free to move in the direction of the 
acting force, it can be shown^ that 

d = KFR^EI (270) 

N = CDdEJR'^ (270a) 

in which 

d = deflection of the free flange measured in the direction of the 
force Ey in. 

F = force acting against the flange, lb. 

R = radius of the l)end, in. 

E = modulus of elasticity, lb. per sq. in. ^ 

7 = moment of inertia of the pipe section, in."* I 

S = maximum fiber stress in the bend, ^1). ])er sc]. in. 

D = outside diameten- of the ])ipe, in. 

Ky C = constants. See Table OS. 

Example 83. — What must, be the radius of a standard expansion U 
bend made up of lO-in. ext ra heavy pii)e in order to a))Sorb expansion 
of 1.5 in. and exert a i)ressm‘e of G()0 Ib. on th(' anchorage. Recpiired also 
the maximum fiber st ress. Assunio E = 30, ()()(), ()()(). 

Solution. — From inpe tables, we find tlu^ outside and inside' diameter 
of an extra heavy steel pipe to be 10.75 and 0.75 in., res])ectively. The 
moment of inertia of the section is 7 = 0.040 (10. 75"^ — 9.75)^ = 216. 


TABLE 9S 


VALTTES OF <’()NSTANTS K AND 


T>T>e of 
Bend 

1 Diiooiioiiof 
Force, Fir. .‘1.11 

K 

(’ 

T\ pe «<f 
fiend 

Djrcclioii f)f 
Form, Fig .'>31 

K 

r 

Quarter 

(I 

0 3() 

1 40 

Expan.sioii I" 

ll 

9 4 

0.106 

Quarter 

h 

0 ss 

0 04 

Double olTset 

r 

40 0 


Plain U 

C 

1 57 

0 ;i2 










Fig. 531. Direction of Force (Table 98). 


Substituting I = 216; E = 30,000,000; F = 600; 4= 1.5 and K = 
9.4 (from Table 98) in equation (270) and solving, we have 

15 = 94 

‘ 30,000,000 X 216 

R — Yn. 


' Trana A.S.M.K, Vol. 44 , 1922 , p. 547. 
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From equation (270n) 


.10.75 X 1.5 X 30,000,000 


r=3 


□D 

on 


3 


Front Elevation 

F] 532. Double- 
swing Expansion 
Joint. 


120- 

= 35()0 lb. |x'r sq. in. 

Figure 532 shows a double-swing screwed joint in which expansion 
causes the fittings to turn slightly and thus relieve the strain. This 
method is usually adopted in low-pressure heating 
systems where the pipes an* small and only a small 
amount, of expansion tak(‘s iilace. It, is wholl}'^ un- 
suited for large jiipes and high iiressu’vs. Packed 
expansion or slip joints, Fig. 533, are occasionally 
used for high-jne^ssure steani servi(‘e vvlnut' space 
requirements ])rohibit the installatifin of long-radius 
liends, but they ai“e obj(‘ctioiiable because of the 
possibility of leakage* and st icking. In very long lines 
of straight ])ii)ing, slip joints are frequently the only 
solution of the exiiarision iirohlcin. When sli]) joints 
are employed, thc^ jiipe must; be securely anchored 
to prevent the steam jiiossuro from forcing the 
joint apart and at the same* lime* permit th(^ pipe 
in expanding to work freely in the joint. Sagging of 
the pipe on either side, whiiJi may cause binding in the joint, is prevented 
by suitable supports. Balanced-pressure sliji joints have been developed 
but they a,i‘e not. much in evidence. For pres- 
sures b(‘low 150 lb. gag(?, (jorrugated or othcr- 
wis(* flc^xibly fabricat,ed copper expansion joints 
are in common use, and in condenser service the 
condenser is frequently connected to the turbine 
exhaust opening b}^ means of I'libber expansion 
joints. For a detailed description of such an 
ex])ansioii joint see Report of Prime Movers 
( nmmittee, T5 -21, N.E.L.A., 1921, p. 10. 

303. Pipe Supports and Anchors. — Pipe lines itiust be supported to 
guard against excessive stresses caused })y dead weight, expansion, and 
vibration. Theie is no standard practice in this ct)rmection and the 
means adopted by different plants vary over a very wide range. In order 
to limit the* thrust exerted by the pi])ing on the throttle of prime movers 
or other stationary points of attachment, fixed anchorages in the steam 
system, adjacent to the joints where the I(;ads come off the header, are 
usually necessary. In the majority of installations the anchors are 
rigidly attached to the building structure and the balance of the piping 



j)| 

- 

flrasa Sleeve ^ 


rs 

23 (SI ■ 



Fackinif Gland 

Fig. 533. iSlip Expan.sioii 
Joint. 
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is supported at various points by hangers, wall brackets, or floor stands. 
Figure 534 illustrates a common design of anchor of the wall-bracket 
type, suitable for moderate end thrusts. The pipe rests upon a saddle 



Eiu. 534. Typical Pipe Anchor. Ficj. 535. I*ipc Antihor — Union Electric 

Light Power C'o. 



Fig. 536. Pipe Anchor — Lakeside Fig. 537. Typical Fro. 538. Typical Ad- 
Station. I-beam Hanger. justable Floor Stand. 

and is rigidly clamped to the bracket by a flat iron band with ends threaded 
and bolted. Figure 535 shows the manner in which the 12-in. steam 
main is anchored to the building structure in the power house of the 
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Union Electric Light and Power Co. and Fig. 53() shows the method of 
anchoring the main header in the Lakeside Power Plant of the Milwaukee 
Elec. Ry. and Light Co. Anchor attachments are also wedded to the 
pipe. 

Figure 537 illustrates a convenient type of flexible' hanger for suspend- 
ing pipes from “ I ” beams. This design is suitable only for sup])orting 
the dead weight of th(‘ i)ipe and where free movement is permissible. 
Where the movement is to be constrained in an axial line, the pif)e is held 
between two rollers as shown in Fig. 531) or supi)orted on a sliding guide 



Fig. 539. Tyy)ical Wiill Bracked, Fig. 540. I’ijk'. Support, and Guide — Marya- 
with Binding!; Boll. ville Bower llouso. 

as in Fig. 540. For straight runs of pipe the support is usually of roller 
construction but, where there are branch connections or bends leading 
from a main, some design of axial guide supjiort is necess[iry to prevent 
the pipe from springing laterally. Figure 541 illustrates a method of 
suspending and counter-balancing expansion loops in a main header and 
Fig. 542 a flexible support for a large vertical exhaust header. Other 
arrangements of piping, supports, and anchors will be found in this chapter. 
Pipe supj:)orts and anchors should be designed so that they can be readily 
removed without disturbing the piiie line and should be adjustable to 
facilitate “ lining up.” 

Steam Pipe Supports: Power Plant Engrg., Dee. 1., 1919, p. 1055. 
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304. Loss of Heat from Bare and Covered Pipe. — Rtoani pipes, feed- 
water pipes, l)oiler steam dniius, receivers, se])arators and the like sliould 
be covered with heat-insiikiling malerial to reduce heat losses to a mini- 
mum. By properl^y api)lyinj; any ^ood commercial covering!;, from 75 per 
cent to 95 per cent of the heat loss may he prevcMitcal. Numerous investi- 
gations have been imule lelative to the heat lossc's Irom hare and covered 
pipes, but the results have been far from harmonious. The most trust- 
worthy results arc those based upon the investigations of J. C. Peebles 
(Research Laboratory, Armour Institute of Techijology), L. IL McMillan 
(Trans. A.S.M.E.j Vol. 37, 1915, j). 921), Bagley {Trans. A.S.M.E.^ Vol. 
40, 1918, p. ()()7), and R. H. lleihiiaii (Trans. A.^.M.E., Vol. 44, 1922, p. 
299). The results of th(\se in- 
vestigat/ors agree as closely as 
can be expeett'd, considering the 
variation in the structure of the ^ 
different samples from the same 
commercial material and the 
influence of the surroundings in 
the laboratories in which tlie 
tests were conducted. Tiom the 
investigations of Heilman on ^ 
bare pii)e. Fig. 543, it will be 
seen that tlu* heat loss from bare 
pipt\s conducting heatc'd fluids is 
so great that any good grade, of 
pipe covering may pay for itself 
in a C07nparativel\^ .shoit time. 



1UU 2JU 300 400 500 000 

Tcnipcraturu DifT. Deg. Fahr. Pipe to Iloom 

Fifj. 543. Heat Loss from Bare Pipe. 


The curves in t5g. 544, based upon 
the results of McMillan’s investigation, wdiich check substantially with 
the tests of Peebles and Heilman, give the heat loss per deg. fahr. 
temperature differenct' per sip ft. per hr. for a number of commercial 
classes of coveriiigs, for various tcmperatiue differences between the 
temperature of the pii)e surface and that of the surrounding air. While 
the maximum temperature* difference is limited to 500 deg. fahr., which 
is considerably lower than that incurred in the modern central station, 
the heat loss at the highei* figures may be obtained with sufficient 
accuracy for most purposes by extending the curves. 

If 


H 2 = heat loss in still air per sep ft. of outside covering surface, 
B.t.u. per hr., 

k = conductivity of the material, B.t.u. per hr. per s(p ft. per 
in. thickness ]ier deg. temperature difference between 
the outer and the inner surface of the covering, 
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^ 2 , U and i = loinporatAirns, respectively, of the outer surface of the 
e()vcrmj:i;, pii)e, and air in the room, deg*, fahr., 
r 2 and rj = radii, respectively, of the outer and the inner surface of 
the covering, in., 



Tcmperiitiirc Difference, Decrees Fiihren licit 
(Pipe Temp.-Koom Temp.) 

Fic. 544. Heat Loss through Pipe Coverings (Single Thickness). 

d = temperature difference between the covering and air cor- 
responding to a rate of loss II oj 
Hi = heat loss per stj. ft. of pipe surface, B.t.u. ])er hr., 

X = thickness of covering for flat surfaces with parallel planes. 

it can be shown {Tra7it>. A.S.M.E.^ Vol. 37, 1915, p. 9G0) that for 

Flat Surfaces 

H2 ~ /c (^2 b) / ^ 


( 271 ) 
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Cyliiulrical Surfaces 

Hi = k {h — t — d)/ri (loOe ri — rO 

(271a) 

= r, Ihhi 

(2716) 

k = II Oi (iMJcTi — lo(le — U). 

(2710 


The curve in Fiji;. 545 jrives ilu' viilue of A: for 85 ju^r cent canvjis-covered 
magnesia as detc^nnined hy Ihigley. C'Urves of this nature for various 
insulating materials greatly siin- 
I)lify the calculation of the heat 
losses. The curves in Vi^. 54(), 
showing the relation between llo 
and d as determined by P(‘ebl('s, 

McMillan, and Heilman, offer a 
means of calculating the vidue 
of k from test data as shovm in 
Fig. 544 but imfort imately these 
curves show considerable (lei)ar- 
ture from each other fortlu^ same tempeiature conditions. Curves (1) 
and (2), Fig. 540, give satisfactory M'sults foi' pipt' lines protected against 

air currents but for exposed 
lines ])r(‘fer(‘n(‘e should be given 
to curves (3) and (4). 

A])plications of etpiations 
(271) to (272() are best illus- 
trated by examjdes 84 and 85. 

Example 84. — A steam pipe, 
5.(). in. outside diameter, is 
c-ovenKl with single-thickness 
.J-M 85 per cent magnesia, 1.13 
in. thick, temperature of the 
pil)e 380 deg. fahr., room tem- 
peratiin' 80 deg. fahr. Re- 
((ui red the conductivity per in. 
thickness for the given condi- 
tions. 

Solution. — From Fig. 544 the 
rat e of heat loss per hr. per sep 
it. per deg. temperature differ- 
ence is 0.455 B.t .ii. Therefore, 
II 1 = 300 X 0.455 = 136.5 and 
07.2 B.t.u. From Fig, 546 {A) 
the temperature difference between outer covering surface and air cor- 
responding to a loss of 07.2 B.t.u. is 65 deg. fahr. Therefore, the tempera- 
ture difference between the inner and the outer covering surface is 300 — 



Fig. 510 . Kclation l)otwivu Ikuit Loss aruJ 
Tciiip(‘i'ji( 111 (i DilTercneo. 

Hi = 130.5 X 5.6/2 (5.0/2 +1.13) 



'IVmp Diir. Inner and Outer CovL'i-intf Surface 


I’lG. 515, (kicfTiciont of Thermal Con- 
(liK'tivil.y. 
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65 = 235 deg. fahr. Substituting these values in equation (272c) and sol- 
ving for k 

k = [136.5 X 2.8 {loge 3.93 - loge 2.8)] 235 = 0.551. 

Example 86. — If the pipe in Example 84 is covered with 3-in. thick- 
ness of material, other (jonditions remaining the same, calculate the heat 
loss per aq. ft. of pij)e sur face per hr. per deg. temperature difference. 

Solution. — From equation (271a) 

_ 0.551 (380 - 80 - (]) 

‘ (2.8 + 3) {log, 5.8 - log, 2,8) 

= 0.13 (300 - (/). 

Now assume d = 20 deg. Then from Fig. 546 — r'nrvc No. 1 H 2 =i 
25.5 B.t.u. But fi'orn equation (271r/) Hn = 0.13 (300 — 20) = 36.4.' 
This shows that d must be greater than 20. Assume d = 30. Then 
from Fig. .546 II. — ( 'Urve No. 1 = 30.5 B.t.u. and from eepiation (271a) 
i /2 = 0.13 (300 — 30) = 35.1. This shows thni d must be less than 30. 
By cut and trial tire correct value di = 27 may be obtained. Then H 2 
= 0.13 X (300 — 27) — 35.5. Substitute this value of H 2 in equation 
(2715) and solve for Hi 

35.5 = 2.8//, 5.8 

from which //, = 73.5 B.t.u. per* hr. per S(|. ft. Loss per sep ft. per hr. 
per deg. temperat ure difference between the pipe sui’facc' and air in the 
room = 73.5 300 = 0.245 B.t.u. 

The pipe-covering materials most commonly found in the modern 
central station are 86 per cent magnesia, sponge felt, silocel and non- 
pareil. Of these, 85 per cent magnesia is still the predominant material 
for temperatures up to (iOO deg. fahr. For metal tempeiatures above 
600 deg., it is desirable to use some form of heat-resisting insulation as a 
first layer in order to reduce the teni[)erature of the inner surface of the 
standard insulations. Asbestos fiber matted and Innind with silicate of 
soda has the necessary heat-resisting featui*e and has been extensively 
used, but its heat conductivity is relatively high. In some of the latest 
stations employing highly superheated steam, the metal surface is first 
covered with a 1-in. layer of Carey “ Hi-Temp ” or the ecpiivalent which 
has the properties of high insulating efficieiicy and resistance to mechanical 
deterioration at tenipc^ratures up to 1000 deg. fahr., and this is then 
followed with a second covering 2 in. thick of 85 per cent magnesia or the 
equivalent. 

Pipe covering is applied in sections molded to the required form and 
held to the pipe by bands, or may be applied in a plastic form. The 
former is more readily applied and removed, and is usually adopted for 
pipes, while the valves and fittings are generally covered with plastic 
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material. Piping should be tested under pressure before being covered, 
since leaks destroy the efficiency and life of the covering. If the sur- 
rounding atniosi)here is moist the covering should be given two or three 
coats of good i)aint. Coverings are sometimes applied to cold-water pipe 
to prevent sweating. 

Coimtiernal Efficiencij of Shigle and Graded Slcafii Pipe Covering: State College of 
Washington, liul. No. 12, 102;^. 

Recent Developments in Pipe InsnUitnm. Power Plant Kngrg , .luh 1, PJ24, p. 698. 

Rational Design of (\)renngs for Pipes- Meeli. Engrg., Get., 192r), p. 805. 

305. High-pressure Steam Piping Systems. — In the older stations, in 
which the })rim(' mover's weie of t.h(' reci]irocating type and tin* boilers of 
comparatively small caiiacily, the boilei* and engine room wei'c arranged 
back to ba(‘k, end to end, oi* double-decked, according to the space avail- 
able, and the liigli-pressun' steam lin(\s woe arranged on the spider, 
single header, duplicate h(‘a(ler, and loop or ring head(‘i‘ systems. All of 
these arrangements and systems were more or less standardized and 
differed only in minor details. In the modern central station there is no 
standard arrangement of turbiiK's and boilers, and the piping system is 
designed to meet each sp(‘cific set of conditions. 

Figure 547 shows th(i back to back ariangement of engines and boilers 
in which the'- engines and lioilers are housed in separate rooms and the 
steam from each boiler is led to a common or main header. This was 
standard i)ractice in the central station in the year 1005 and is still used 
in a numiier of small ])lants. The jnain header was j)laced in the boiler 
room along the division wall and it was extendful as the growth of the 
station demanded. This system permits of short and direct connections 
between j)rime movers and boilers and is simi)le and (jompact. To insure 
continuity of operation in case of injury to the main header, duplicate or 
auxiliary headers were oc(\asionally installed. Figure 548 shows a back- 
to-back arrangement in which the length of th(i main header is greatly 
shortened and the various distributing pii)es lead directly to steam-using 
appliances. This is known as the spider system of piping. This system 
has given satisfa(;tory results in small plants but is rather misightly. The 
loop header, Fig. 550, has the advantage over the single header in that 
the steam supply may be taken from either end of the boiler battery, 
should occasion arise, or from l)oth ends to insure uniform boiler operation. 
The extra lengtii of main header increase's tlu^ fii’st cost and offers a larger 
surface for heat losses. 

Figure 551 illustrates a typical installation in whie^h the l)oiler and 
engine room are end to end. This is a common arrangement where only 
a narrow strip of space is available for the plant. 




Fig. 547. T>'pical “Back to Back" Arrangement with Single^I^in-ileader. 
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Double- and even triple-deck installations, in which the boilers and 
prime movers are on separate Hours, are to be found in a few eases where 
ground space is very costly, but the first cost of such a plant is veiy high. 



The Highland Park plant of the Ford Motor C-o. is an ex(;ellent example 
of the double-decked arrangement. 

The modern cent ral station is usually designed on the unit basis in which 
each turbo-generator has its own boiler and auxiliary equipment which 



may be operated independently of the rest of the plant. The steam 
mains and many of the auxiliaries are cross-connected so as to supply 
energy to other units in case of emergency, but to all intents and purposes 
each unit is an independent plant. 

Figure 552 shows the arrangement of boilers and turbines in the Yonkers 
Power House of the New York Central, illustrating standard practice of a 







Fig. 550. Tyj)ical “Loop Header” System. 



connected in pairs by 14-in. loops, each turbine taking steam from either 
of two banks of four boilers. The high-pressure piping for each pair of 
boilers is cross-connected to the adjacent pair by a cross-over main. 
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Figure 553 shows the arraiigenieiit of boilers, t viri)iiics, and high-pressure 
steam piping in the first section of the new Hell Gate Station. The tur- 




Fig. 553. HiKh-i)re,ssiire Pipinp; — Hell Gate Station. 

bine units and boilers are grouped in pairs and each pair is cross-connected 
as indicated. Each group of six boilers has a single stack and breeching. 
In order to insure continuity of operation, such elements of the various 
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groups as frjrcnd-draft air supply, feedwater supply, etc. may be inter- 
connected at will. 



Fig. 554. General Arran geiiient of Sleain and Exhaust Pii)itig. La Salic 
1 luted, Clii( ago. 


Figure 554 shows the general arrangement ol the piping in the La 
Salle Hotel, Chicago, illustrating the loop header as applied to this class 
of plant. 
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306. Exhaust-Steam Piping. — In the large central steam-power station, 
there is no condenser exhaust piping, at least in so far as the prime mover is 
concerned, since the turbine exhaust flange is bolted directly to the con- 
denser or indirectly througli the agency of a short expansion joint. This 
applies also to the s^naller ])l:uils (Miui})ped with individual condensers. 
Separate free-atmos])lieric exJviirsI lines h\u{ fiom each condenser to the 
roof. Occasionally a number of condensing units discharge into a single 
condenser, in which cas(' the main vacuum line is incrcas(‘d in diameter as 
it approaches the condenser, the increase corresponding to the added 
weight of exhaust steam. In some designs, thci-e is a main atmosi)heric 
exhaust line connected to the individual atmospheilc exhaust branches, 
while in others a single atmospheric relief valve at the condenser suffices 
for all units. 

In the majority of non-condensing plants, all or a part of the exhaust 
steam is used for heating or otlier industrial pur])()s('s, in which case an 
elaborate system of exhaust i)iping may be iKHM'ssaiy. The general 
arrangement of apparatus in a typical non-condensing plant utilizing the 
exhaust for heating purj)oses is shown diagrammatically in Fig. 555 and 
the principles of opei'ation an^ described in j^aragraph 3. Tho (hief re- 
quirements for a combined powcj* and exhaust-steam heating system are: 
(1) minimum back pressure on the prime mover; (2) effective and con- 
tinuous drainage of condejisation from sup])ly pii)es and j’adiators; (3) 
continuous removal of air and entrained moisture from confined spaces; 
(4) independent regulation of t(‘mperature in each radiator; (5) continu- 
ous return of condensation to the ))oilers; ((>) utilization of part of the ex- 
haust for preheating the fe(‘d water; and (7) automatic I’egulation. The 
principal factor in any systxau of exhaust -steam heating is th(‘ trap or 
automatic outlet valve altachcul to each radiator or heating coil which 
permits both the water of condensation and the non-c,ondensable gases 
to be removed automatically without building up back i)ressure. The 
heat given off by the radiators may be regulalrnl by var\^ing the (piantity 
of steam supxdied, either by hand or automatically by tlu'rmostatic control. 
Figure 51 1 shows the type of trap commonly employed in current practice 
and Fig. 577 shows a section through a j)oi)ular design of thermostat for 
automati(;ally ()})ening and closing the exhaust steam admission valves to 
the radiators. (See paragraph 290.) 

The main exhaust header in Fig. 555 is in the })asement and the branch 
supply pipes feed upward. In tall office buildings the exhaust main fre- 
quently leads to the attic where it is connected with a distributing header 
and the branch supply pipes feed downward. While the lattt^r arrange- 
ment is the better from a circulating standpoint, it re(iuires additional 




Fig. 555. Exhaust Piping. Combined Steam Power and “Vacuum" Heating Plant 





PIPING AND PIPE FITTINGS 


747 


space for its installation and the back-pressiiic valve is remote from the 
engine room. 

In industriiil plants where the power reciiiinMnents are large and the 
exhaust from the prime movens is too great to permit of diseharge to 
waste, the engines or turbines 

are operated condensing (i>ro- 1 

vided the cost of circulating 

water is not prohibitive) and ^ H [p cr 

steam for heating is extracted at ' f 

a suitable ])oint between th(‘ 

high-pressure aiul low-pressure ^■*1 

i „ . TiihuB 

stages. The exhaust, after it ' " *1““^ 

1 ii ■ * I k .s"Siii'lh'n lliiuder 

leaves the prune mover, is _ r 

handled in the same manner 

as in the non-condensing plant. t ^ 

307. Feedwater Piping. — The * -I ■ j • 1 

a , w 

simplest arraiigemeni of feed- ^ — i-T — 

water piping ina.v be found in 

the small non-condensing rilants, ^ I II 

, I • 1 1 /> 1 *1 '' Holler Kepd ! ^tt''fc.uilJon Iluader 

in which the teedwafer is ob- 

tained under a slight head, lW(lw„i..r Pij.u.g. I)o<lgc Bros. 

, . rr 1 1 1 XI TV)V\t“r Iloiist;. 

such as is afforded by the 

average city sujiiily, and is heated in an o]i(‘n h(',ater by the, exhaust steam 
from the engine to a temperature varying from 180 to 220 deg. fahr. 
depending u])on the back ])ressure, maintaiiK'd on the heater. The hot 
feedwater gravit atc's from the heater to the pump and th(‘-n is forced to the 


birnUun Iluader 


l'oe(lwa((‘r Pi])ing. Dodge Bros. 
l\)V\er Ilouse- 


/l’\ Globe Check ,4" Roller 4" 


1 0 In. Connection 
to Tunip 



L. 

Glube Check 


I I 4 Gii 4 m> Valve ^ 

Utter 11 I Normally Gluaud 
Orifice 


Fig. 557. Fecthvati'i I’ipiiig at Hell (iate. Group 1. 


boiler or to the economizer if one is used. If a met er is used, it is generally 
placed on the discharge side of the pump, and should be by-passed to 
permit it to be cut out for repairs. Plants oiierating continuously should 
have feed pumps in duplicate. In some cases, the returns from the heat- 
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ing system gravitate to the heater and only enough cold water is added 
to make up the loss from leakage, etc. In other cases, the returns gravitate 
to a special returns tank,” from which they are returned directly by 
pump or trap to the boiler mthout further heating. Occasionally a live- 
steam purifier is used, especially if the water contains a large percentage 
of calcium sulphate. The feed is then subjected to boiler pressure and 
temperature and the greater part of the impurity precipitated before it 
enters the boiler. Closed heaters are often used instead of open heaters. 
When the supply is not under head, a closed heater is usually preferred 
and is placed between tlie pump discharge and the feed main. 

In small condensing pliints with steam-driven auxiliaries, the feed 
piping is similar to that in non-condensing plants, except that if exhijust 
steam is used for heating purposes, it is supplied by the auxiliaries, sUch 
as feed pumps, stoker drives, condenser engines, and other steam-using 
appliances. \ 

In plants having a number of boilers, it is customary to run a feed main 
or header th(^ full length of the boiler room and connect it to each boiler 
by a branch pipe. This main may be a simple header, or it may bo in 
duplicate, or of the “ loop ” or ring ” type. The feed main may run 
along the fronts of the boilers just above the fire doors, or above or under 
the settings, depending upon the design of the boiler room. Where a single 
header is used, the feed pumps are sometimes placed so as to feed into 
<)I)posite ends of the main, wdiich is then cut into sections by valves. 
Another arrangement is to i)lace the pumi)s so as to feed into the middle 
of the header. With th('. looji arrangement the main is ordinarily cut into 
sections by valves, so that the water may be sent (dthcr way from the 
pumps and any defective section cut out. With duplicate mains a com- 
mon arrangement is to place one main along the front of the boiler and the 
other at the rear or both overhead. Sometimes one main is placed in the 
passageway below the boiler setting and the other on top. 

In the large central station, with its intricate system of obtaining a 
proper heat balance, the arrangement of the various heaters and feedwater 
piping system is one of the most difficailt p)roblems in the station design. 
Figure 550 shows the arrangement of the feedwater pipping in the new 
Dodge Brothers i)ower station, illustrating a comparatively simple layout. 
A diagrammatic outline of the feedwater piping at the Hell Gate Station 
is shown in Fig. 557, and Fig. 558 gives a similar view of the piping in 
the Hudson Ave. Station of the Brooklyn Edison Co. See also Figs. 
415 to 418. 

In the majority of modern plants the feedwater p)ipe lines are of wrought 
steel, but in some of the older plants, particularly where the water is of 
poor quality, the leads from header to boiler are of brass. 
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Figure 559, A to E, illustrates the various (*ombinatioiis of cheek valve, 
stop valves, and regulating valve in steam boiler practi(;e. The simplest 
arrangement and one sometimes used in plants operating intermittently 
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that of regulating the water supply. This arrangement is not recom- 
mended, as any sticking or excessive lealdng of the check valve will neces- 
sitate shutting down the boiler. B shows the most common arrangement. 
Here the check valve is placed between the rc'gulating valve and a stop 
valve as indicated. Tliis ])erinits a disabkHl check to be easily removed 
while pressure is on the boiler and the main. B shows an arrangement 
whereby both check and regulating valve may he removed, and is par- 
ticularly adapted to boilers operating continuously where the regulating 



Fig. 559. DilTrn'TU- Arnm^ienienls of Valves in I'^eedwatcr Branch Pipes. 


valve is subjected to seven-e usage. In this case the stop valves are run 
wide open and a]*(* subjected to no wear. The regulating valve most 
highly recoininendcMl is a self-packing brass globe valve with regrinding 
disc. The cluMjk valve is ordinarily of the swing check pattern with 
regriiiding disc, Fig. 581 (C). 

Undcrqrou'nd Steam Mains. Power, A])r 2, 1918, p. 4()(); Apr. IG, 1918, p. 540. 

;I08. Flow of Steam In Piping System. — Notwithstanding the numer- 
ous investigations conducted on laboratory apj^aratus and on pii)e lines 
under a(;tual service conditions, all rules relative to the flow of steam in 
commercial piping systems are moi‘e or less empirical and are limited to 
the conditions under which the tests were conducted. Many of these 
ruUjs give fairly satisfactory results when a})plied to straight pipes under 
0 in. in diameter, fn^e from obstructions, and for moderate pressures and 
temiieratures. However, when ai)plied to the large pii)es employed in 
the modern central station with its high ]iressure and highly superheated 
steam, the results are apt to be seriously in error. While the existing 
rules for tlu' flow of steam in straight ])ipes are more or less unsatisfactory, 
those pertaining to the flow in superheaters, valves, and fittings are even 
more so, and, (considering the fact that the influence of the latter on the 
flow is usually much greater than that of the in’pe itself, the designing 
engineer is forced to rely upon judgment and exiKcrience rather than upon 
theory. Practically all rules for the flow of steam in pipes are based upon 
the fundamental equation for the flow of compressible fluids (see Principles 



PIPINO AND PIPE FIT! IN(;S 


751 


of Thermo(lynamic‘s, (U) 0 (k'nou»h, p. 161), and may bo oxprossed aa 

V = CvhjJ./d (272) 

j) = Kw'-L/yd^ (272fl) 



Lineal DlaUnce lii Feet. 

Fig. 500. Stcjun Prossiiro Drop fiom Jioilor Dniiiis to Turl)iiic Throttle, 

in whi(di 

p = prcssuro dro]), lb. p(‘r scp in.. 

C, if = cooffioieiils involving- a- mniilxn* of n'dnolion oonstaiits and in- 
cluding 1h(‘ oo(‘fli(*iont of frictional |■(^sistanoo, 

V = velocity of flow, f1. ])(a sec., 

V) = weight of flow, lb. jior s(‘c., 
y = mean densily, 11). per cu, ft., 

(I = internal i)i])e diainotor, in., 

L = lengih of straight pipe or its ('(jui valent, ft. 

The values of C' and K given by various iinavsti gators are given in 
Table 90. 
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In the average power plant where the pipe lines are comparatively 
short;, no attempt is ordinarily made to calculate the pressure drops 
through the i)ipe itself, and the diameter is proportioned on an assumed 
maximum-velocity basis. The pressure drops through the dry pipe, 
superheater, valves, and fittings for the assum(;d maximum velocity are 
obtained from the manufacturer or approximated from the results obtained 
in plants having similar e(|uipment. Where very long steam lines are 



1080 2170 3200 4370 5510 CO'JO 7820 

Steam Velocity - JjJcot per Minute 

Fig. 501. Steam Pressure Drop, 500-hp. B. W. Boilers. 

employed, the friction loss in the pipe itself is considerable, and in lieu of 
other information it is common practice to use equations (272) to (274), 
preference lieing given to Babcock’s, Spitzglass’ and Fritzsche’s values 
for coefficients C and K. Babcock’s, Spitzglass’ and Fritzsche’s coeffi- 
cients give jiractically the same results for moderate rates of discharge 
and pipe diameters under 10 in., but for larger pipe diaim^ters and high 
rates of discharge Fritzscho’s coefficient appears to give results more in 
accoid with actual performance. 

In the modern turbine plant where the distances between boilers and 
prime movers are (!omparatively short and the valves and fittings are 
designed to offer low resistanc^e heads, a convenient rule is to allow a 
maximum velocity of 1000 to 1250 ft. per min. per in. of pipe diameter, 
the higher value for diameters over 12 in. The same rule applies to re- 
ciprocating engine jilants where a large rec^eiver is placed close to the 
engine throttle. Where the valves and fittings offer considerable resistance 
to the flow or in case of reciprocating engines without a receiver effect at 
the throttle, the maximum velocity is taken as 75 to 80 per cent of that 
given above. 
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The logical procedure, of course, is to proportion the pipe and fittings 
so that a prcdetennined pressure drop betvvcc^ii the points under con- 
sideration will not be exceeded, but unfortunately, none of the rules pre- 
viously mentioned (‘.an be relied ujion for aec'uratc' results. In the light 
of the best evidence available at- the i)resent time, j)rercrenee should be 
given to Spitzglass’ equation foi' low-jwessure st('ain (5 to 50 lb. abs.), 
saturated or wet ; to Babcock’s 
equation for dry or moder- 
ately superheated steam (100 
to 200 lb. gage and pipe sizes 
under 10 in. in diameter); and 
to Fritzsche’s for superheated 
steam flowing at high veloc- 
ities, 100 ft. .per sec. or more. 

For conveniencie in a])i)liea- 
tion, ecjuation (272fl) has been 
transposed so that the diam- 
eter of the pipe and coefli(*ient 
K have been included in a 
factor A:, the value of whi(‘li 
for Babcock’s and Spitzglass’ c.oefhcient of friction are given in 
Table 100. 

Equation (272a) transposed is 

w = cV iiyd-’/L = k V -jyi/L ( 273 ) 

in which c = a c(jefficicn1 iiivolviii}? (he various reiluciion constants and 
the coeflicient of frictional resistance. 

in which h = a factor including c and (/. 

Other notations as in ecpiation (272a). 

Fritzsehe’s coeflitaent wlam (^om))ined with tlie rest of the equation 
reduces to the form 

V = 0.000051 () c‘ L/(M (273a) 

p = 0.8 (274) 

Since the weight of steam discharge^d through any system of piping is a 
function of the jiressure drop, it is evidemt that tlu^ greater the j)rcssure 
drop, the larger will be the weight discharged per unit of time, A large 
drop in pressure pennits of a smaller jiijie and, because of the reduced 
surface, the radiation losses will be lower, but a point- is soon reached whei’e 
the economy in the size of pipe is more than offset by the loss in available 
energy due to the reduced pressure at the point of application. There 
seems to be no fixed rule for determining the drop most suitable for any 



Fk}. 562. 
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given set of conditions, since the velocity factor must also be considered, 
particularly with wet or saturated steam, because of possible damage to 
fittings and joints by vilmition and water hammer. In reciprocating 
engine prac;tic,e involving the use of saturated steam and in which the 
pipe leads directly to the inlet nozzle, the maximum drop in pressure is 

ordinarily limited to 1/2 to 
1 1/2 lb. per 100 ft. of straight 
pip(\ In a number of installa- 
tions in which a large receiver 
is placed next to the inlet 
nozzle, pressure drops of 1.5 
to 2.5 lb. per 100 ft. of pipe 
have given satisfactory results. 
Eor very long pipe lines the 
pi‘(5ssure drop per 100 fi. 
must necessarily be small it 
low ])ressuies at tlu^ point of 
delivery arc to be avoided. In st(‘am lurbine practice involving the use 
of high pressure and superheat, pressun* drops as high as 2.5 lb. per 
100 ft. of pipe have been allowed during i)eriods of maximum discharge. 
It must !)(' rem(‘jnb(M ed that the pre^ssure drou through the T)ipc itself is 
usually but a small portion of 
the total drop from boiler lo 
prime mover becjuisi' of the 
additional resistances of flu dry 
pil)e, superheater, valv('s, and 
fittings; c.onse(iuently, large 
I)ressurc droj)s through the 
piping alone may cause excess- 
ive drops from boiler lo inhne 
mover unless special attc'iitioii 
has been paid to the selection 
of low-resistance valves, fittings, etc. 

The av(u\age i)iessure drop in exhaust steam mains varies from 0.2 to 
0.4 lb. per 100 ft. for non-condensing service and from 0.2 to 0.4 in. of 
mercury per 100 ft. for a vacuum of 20 in. In large ste.am turbine installa- 
tions there is practically no exhaust piping and steam velocities of 300-400 
ft. per sec. are possible with a negligible pressure drop. 

Attempts to include factors for condensation or radiation losses merely 
complicate the problem without adding to its accuracy. The losses must 
be considered, of course, in estimating the probable condition of the steam 
at the end of the line, but except for bare pipe and very long covered lines 



Fig. 564. 



Fig. 563. Pressuro Drop throuRli 20-in. Valve 
and 1’ec. Namigiiiisctt ICIcc. (’n. 
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the influcnoe of the heat loss on the donsitv of the steam is less than the 
inaccuracies in the ac(^epted formulas themselves. 

The application oi Babcock’s, Spitzfi;lass’ and Fritzst'he’s equations is 
best illustrated by the followinp; examples: 

Example 86. — Calculate the size' of ])ipe necessary to deliver 30,000 
lb. of saturated steam per hr. through a covered pii)e l ()()() ft. long if the 
pressure drop is to be ai)proximately 5 lb. per s(p in. Initial abs. pressure 
125 lb. per sq. in. 

Solution. — Here lo = 30,000 - 3000 = 10; p = 5; L = 1000; mean 
value of y = 0.2737. 

Substituting these values in ecpiation (273) and solving: 

10 = k Vf) X 0.2737 ^ 1000, or k ^ 270. 

From Table 100 we find that this valu(‘ of A* corresponds to an internal 
diameter of 8.7 in. (by int(Ti)olation) for Babcock’s equatioTi and 0 in. for 
Spitzglass’. 

Fritzsche’s equation (271) gives 

5 = (0.8 X 10'-«'’ X 1000) (0.2737 or d = 8.49 in. 

** Standard ” wroiight-sieel injx' is suitable for a, |)r(‘ssme of 125 lb., and 
since the inside diametei* of a 9-iii. pipe* is 8.91, the iu‘arest, to the cahmlated 
values, it is evident tliat the* different 
ecpiations give results substantially in 
agreement for the given conditjons, 
namely, a standard weight 9-in. jM])e. 

Example 87. — ( ahailate tlie size of 
pipe necessary to deliver 432,000 lb. 
of steam per hr. through a turbine 
lead 150 ft. long, if th(^ pi(‘ssure dro]) 
in the pij)e is to be approximat(*ly 
3 lb. per sq. in. Initial abs. pressure 
350 lb. per sq. in. and superheat 300 
deg. fahr. 

Solution. — Here w = 432,000 
3600 = 120; p = 3; L = 150; // = 

0.495 (the change in d(msity due to the heat drop in this length of properly 
covered pipe is negligible). 

Substituting these values in equation (273) and solving 
120 = k \/3 X 0.495 -- 150, or k = 1206. 

From Table 100 we find that this value of k corresponds to an internal 
diameter of 15.4 in. for Babcock's equation and 1().6 for Spitzglass'. 

Fritzsche's equation (274) gives 

3 = (0.8 X 120^-“X 150) -- (0.495 X or d = 14.3. 

From Table 90 it will be seen that O.D. pipe with 5/8-in. thickness of 
wall is specified for 350 lb. i)ressurc and 15 to 16 in. outside diameter. 



Fig. 565 . 
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Babcock’s rule, therefore, calls for 15.4 + 1.25 = 16.65 O.D. Either a 
16-in. or 17-in. pipe may be selected, depending upon the allowable devia- 
tion from the sf^ecjified pressure drop. Spitzglass’ rule calls for an 18-in. 
O.D. pipe and Fritzsche’s for a 15-in. or a 16-in. O.D. pipe. 

Th(^ higher the velocity and the larger the diameter, the greater will be 
the variation in rc'sults based ujjon these ecjuations. For example, the 
calculated pressure drops per 100 ft. in an 18-in. inside diameter pipe 
through which steam at an absolute pressure of 500 lb. and temperature 
of 767 deg. fahr. is flowing at a velocity of 300 ft. i)er sec. are as follows: 
Spitzglass, 10.3 U). per scp in.; Babcock, 7.57 lb. per sq. in.; Fritzsche, 
4.39 lb. per S(]. in. 


TABLE 100 

VALUER OF k Foil VAItlOUR PIPE DIAMETERS 


I 

I 


Inside Diameter, 
In. 

k 

Itinide Diameter, 
In. 

_ _ ‘ \ 

RuhcocU 

Spil zrUlh-s 

Babeock 

SpitZKla^s 

0 5 

0 ()2S 

0 02S 

8 

217 

108 

0 75 

0 207 

0 287 

0 

208 

268 

1.0 

0 (i75 

0.06 

10 

302 

348 

1.5 

2 16 

2.34 

11 

505 

446 

2.0 

4 00 

4 75 

12 

1)35 

550 

2.5 

0 20 

8 85 

13 

780 

674 

3.0 

15 2 

14 6 

14 

050 

800 

3.5 

23.2 

22.3 

15 

1138 

055 

4 0 

33 S 

32 3 

16 

1342 

1108 

4.5 

46 3 

4:i 0 

17 

1580 

1270 

5.0 

62 1 

58 0 

18 

1730 

1480 

5 5 

70.5 

74 0 

10 

2100 

1680 

6.0 

00.5 

04 0 

20 

2300 

1905 

6 5 

125 

115 

21 

2700 

2138 

, 7 0 

152 

142 

22 

3060 

2400 

7 5 

1S2 

150 

24 

3840 

2930 


Numerous experiments have been conducted on valves and fittings 
with a view of formulating some rule or set of rules by means of which the 
pressure drops may be calculated for different rates of discharge and for 
varying steam conditions, but the results have been far from harmonious. 
The pressure drop is expressiid either (1) directly in lb. per sq. in., or the 
equivalent, or (2) as an added length of straight pipe equivalent in resist- 
ance to the various valves, fittings and bends. Scattering tests on various 
types of valves and fittings show that the friction drop follows the law 

p = Cv^/d^ (275) 

in which 

p = pressure loss, lb. per sq. in., 

C = a coefficient depending upon the shape of the fitting and includ- 
ing certain reduction constants. 
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V = velocity, ft. per see., 

711,11 = experimentally determined exponents, 
d = inside diameter, in. 

Values for C, m, and n have been fairly well established for a number 
of small-sized standard screw fittings and valves for the flow of w'af ei', and 
for a few special types of valves and fittings for the flow of steam, but 
sufficient data arc not available to remha* e(|uation (275) of imich service 
in steam piping design. 

The values (see equation 278), calculated by Foster,’ are p('i-haps as 
reliable as any, but since they are based on experimental data obttxiiied 
from the flow of water they must be used advisedly in steam-piping 
calculations. 

Briggs’2 rules are frequently used in this coiinecf ion, but rt'sults (calcu- 
lated from them are not in accord with tlie few scat 1 (‘ring tesfs conducted 
under high-pressure conditions. They ay)perir to be satisfactory for low- 
pressure service. Acccording to Ibiggs, the kmgtb L of straight pipe in 
inches cciuivalcnt to the I'esistanc-e of one standard screwed 90-degrce 
elbow is 

L = 114 d -- (I + 3.6A/) (275a) 

and that of a standard globe valve 

L = 75 d -4- (1 + 3.()/d) (2755) 

Valves and fittings which ofh^r considerabk' resistance to the flow of 
steam should be avoided in the rncxk'rn power house, and special pre- 
caution is used in doing away with shiir]) turns and in ernjdoying valves 
and fittings designed for low-friction heads. 

Some idea of the i)ressur(‘ drops in piping systems and special types of 
valves may be gained from the curves in Figs. 5()() to 5(15. 

Resistance of Fittings to Flow Through Pipes: Trans. A.S.M.t]., Vul. 42, 1920, p. 649. 

Numerous charts and tables based on the commonly used e(i nations 
may be found in various publications. These charts and tables do away 
with the laborious calculations and furnish a means of rapidly solving 
problems involving the flow of steam. 

Graphical Charts for Flow of Steam in Pipes. TraiiH. A.S.M.E., Vol. 42, p. 652, 657; 
''Helios,” 27th Ed., p. 27G~8; Mark’s Handbook (19113), p. 1354. 

Tables for Flow of Steam in Pipes: Kent’s Handbook, 1923, p 929; Trans. A.S.M.E., 
Vol. 20, p. 347; "Steam” (B. it W. Co.;, 1922, p. 318-20. 

Power Line Loss with Superheated Steam: Power, Aug. 7, 1923, p. 233. 


1 Trans. A.S.M.E., Vol. 42, 1920, p. 648. 
* Warming Buildings by Steam. 
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High Tem'[)eroiure and High Pressure Sicam Lines: B. N. Broido, Trans. A.S.M.E., 
Vol. 44, 1922, p. 1199. 

Crilual Vdocity in One-pipe Heating Systems: Powor Plant EiiRrg., Sept. 15, 1922, 
p. 914. 

Capacities of Steam Heating Risers: Jemr. A.S.H. & V.E., Mar. 1923, p. 115. 

309. Flow of Water through Oriflees, Nozzles, and Pipes. — The flow 
of water through oriflees, etc., has been treated so thoroughly in numerous 
books on hydriuilics that no attempt will l)e mad(^ 1o develop the various 
formulas used in this (connection, and only those occasionally required for 
power hous(c (calculations will h(' giv(ui. 

Free discharge front on fires and nozzles. — The rate of discharge through 
all shai)es of oriflees and nozzkcs may ])e calculated with sufficient accuracy 
for gcmeral service*, from the following e(piation: 

Q = VA \/2jh {2lkp) 

in which ^ 

Q = rate of discharge, cu. ft. jK'r see. 

C = an expcrinumtally dedermined coefficient varying with the head 
and shape of ()i)ening. 

A = area of the orifice, sq. ft. 

h = head of water producing flow, ft. 

g = aeceleiiition of gi’avity — 32.2. 

P\)r (diTulai’ oi iflces with shaip edges 

= 0.59 to O.l);"); average 0.60. 

For short cylindrical nozzk's 2.5 dianuders in kmgth with sharp edges 
C = 0.81 to 0.83; average 0.82. 

AVith rounded edges C may be increased t o 0.90. 

For short nozzles and coTiical convergent tube, sharp edges, angle 15 
deg. C = 0.94. 

With rounded edges C m.ay be increased to 0.96. 

Discharge front cylindrical pipe. — There are numerous formulas for the 
flow of water in pipe, lait it is difficult, to select the one best suited for the 
ordinary pipes of engineering j)raetie.e because there is no standard of 
interior roughness and the interior surface does not I'cmain constant in 
service. Many of the more exact equations are complicated and require 
considerable time for evaluation and, unless accompanied by curves or 
tables giving reduction facd.ors, are too unwieldy for everyday practice. 
Pipe tables, siniilai- in purpose to steam taBles, are to be found in most 
engineering handbooks and in practically all catalogues of pump manu- 
facturers, so that the use of formulas may be dispensed with entirely. 
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Spitzglass^ equation appears to cheek substantially with experimental 
data, and in connection with a table' of eonstanis for various pi]^e sizes, 
offers a simple means of calculating the flow of water in ])i})es. Spitzglass^ 
equation for the flow of water in i 1*011 ])ipes of avcu’age smoothness and 
cleanliness is 


Q = 03.^ ^^/^ (l + 3.M + 0.03 d) Vh/L (276) 

= k VhjL (276a) 

in which 

Q = rate of flow, gal. per min., 
d = internal pipe diameter, in., 
h = friction head or pressure dro]i, ft. of water, 

L = length of pipe, ft., 

fc = a factor, including constant. 03.1, for vai ions pi])e diameters. 
Spitzglass^ values for k arc^ given in Table 10 [. 

IjOi^s of head due to friction in pipes. — All of the more exact rules for the 
friction head in pii)(\s are of the form 

hj - CLif^/d^^ (277) 


in which 

hf = friction head, ft. of water, 

C = coefficicait, including the vaitons reduction constants, 

m, 71 = experimentally determiiK'd coefficients. 

Other notations as in eciuation (276). 

Conrad Meir’s v.alues for (\ in, and n are O.OOSo, 1.86 and 1.25 respec- 
tively. 

For clean commercial steel pijie and average water, the following simpli- 
fied modification of ectuation (277) giv(\s reasonably accurate results. 

hr - .0045 Lvyd. (277a) 

Wm. Cox (Am. Mach., Dec. 28, 1893) gives the following empirical rule 
which checks up fairly well with test results. 

hf = L(4 + 5 c - 2)/ 1100 d. (2776) 

Example 88. — 200 gal. of water per min. are to be discharged through 
a 4-in. steel pipe line 400 ft. long. Calculate the jiressure drop by the 
various rules given above. 

Solution. — v= (200 X 144) -r- (7.48 X 60 X 12.72) = 5 ft. per sec. 
d = 4 ; L = 400; fc = 1220 from Table 101, 
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TAHLE 101 

VALUES OF COEFFiriENT k 
(SpitzfclwaH) 


Internal 

Dianielor, 

111. 

k 

Internal 
Dniinetci , 

In. 


Internal 

Dianioler, 

In 

k 

0 5 

8 8 

.5 0 

2,850 

18 

25,100 

0 75 

10 7 

5 .5 

2,810 

M 

27,500 

1 0 

24 S 

i\ 0 

8,520 

15 

85,800 

1 5 

70 5 

(> r> 

4.820 

10 

41,800 

2.0 

17S 0 

7 0 

5,280 

17 

48,000 

2 .5 

884 0 

K 0 

7,-100 

IS 

.53,800 

8.0 

r>8r) 0 

0 0 

10,000 

10 

07,000 

8 5 

S8() 0 

10.0 

18,2eH) 

20 

71,400| 

4 0 

1220 0 

11 

10, 050 

22 

00,500 

4 f) 

jiirio 0 

12 

20,700 

24 

110,000\ 


Spitzp;lass; 

200 = 1220 h, = 10.7 ft. 

Mcir: 

hf = 0.0085 X 400 X r)»'»V4^-25 hy =11.9 ft. 

Equation (277a) 

hf = 0.0045 X 100 X 25/4 hf =11.2 

Cox: 

hj = [(4 X 52 ) + (5 X 5) - 2] 400 1100 X 4 hf = 11.2 

Example 89. — If 000 j 2 :al. of water per min. arc to ho forced throufz:h a 
4-in. iron piyte lino 4()() ft. Ions, what will be the j)ressure at the discharge 
end if the initial jirossiiro is 100 lb. gage? 

Solution. — Here (1 = 4; L = 400; k = 1220; Q = 000; 2.3 ft. of 
water = 1 lb. per sq. in. Lot p 2 = final pressure, lb. per sq. in., then hf 
= 2.30 (100 — jh). Substituting those values in equation (270a) and 
solving 

GOO = 1220 ^2.3 (100 - />-2)/400, Vi = 58 lb. per sq. in. 

Loss of head due to friction of fittings. — The law for the friction loss 
through fittings is, according to the latest experiments, of the same general 
form as equation (277) except that coefficient C and length L are combined 
to form a single experimentally determined coefficient, K. According 
to Foster, the friction drops for the flow of water through various standard 
screw fittings may be calculated from the formula 

L = 2.47 rdi-25 (278) 

in which 

L = equivalent length of standard pipe to allow for the fitting under 
consideration, ft. 
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r = an experimentally dotoniiined resistance factor, 
d = inside diameter of pipe to wliich fitting is attached, in. 

Foster^ assigns the following values for r; gate valve, 0.25, long-sweep 
elbow or one run of standard lee, 0.33; standard 90 deg. elbow, 0.42; 
angle valve, 0.90; close rt'tuin IkukI, 1.00; globe valve, 2.00. For steam 
use 2.21 in place of 2.05 in eciuation (278). 

A rough rule is t-o assume lliat the friction head, ft. of water, varies 
with the square of the velocity, thus 

/ly = 6V/2 g (278a) 

C having the following values 

A tKjles Class of Valve 

45 (U^R. 90 dep;. Gate Globe An pile 

C 0.1S2 0 9S 0 182 1.91 2 91 

Because of the great- variation in design of valves and fittings there is 
naturally a wide range in the values of the exi)eii mentally determined 
coefficients, and the constants giviai above must be used advisedly. For 
data pertaining to sjiecnal experimental research consult the acc.ompanyiiig 
bibliography. 

Flow of Water in Skori Pipes: Trans. A.S.M.E., Vol. 45, 1928. 

Flow of Water through One and One-half Inch Pipes and Valnes: Purdue, Engrg. Exp. 
Station, Bui. No. 1, 19 IS. 

Hydraulic Experiments with Valves, Onjires, HosCy Nozzles^ and Orifice Buckets: Univ. 
111., Engrg. Exp. Station, Hul. No. J05, 1918. 


Average power plant prac-ticrc gives the following maximum velocities 
of water flow in cl(‘an iron pipes. 


Size of Pipe in 

VoKr iU , 

Size of Pipe iJi 

Voloeity, 

Inoiies 

JUT Mmiilr 

J jirhoH 

7''t. per Miniito 

1 to 2 

50 UK) 

to 6 

800-500 

1 to \i 

100 200 

Oact 6 

500-800 

1^ to 8 

200 SIK) 




Friction through Condenser Tubes. — The following equation is commonly 
used in this connection 

hf= C,^-^L + 2N (279) 


in which 

N = No. of passes; other notations as previously given. 

C = 0.016 for 5/8-in. tubes; 0.012 for 3/4-in.; 0.008 for 1-in. for clean 
tubes. Add 20 per cent for dirty tubes. 


Trans. A.S.M.E., Vol, 42, 1920, p. 649. 
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Example 90. — Calculate the pressure loss in a 2-pass surface condenser 
having 1-in. tub(;s 20 ft. long if the velocity of flow is G ft. per sec. 

Solution. — Substitute C = 0.008, L = 20 and v = 6 in equation (279) 
and solve, thus: 

hf = 0.008 + “ X 20 + 2 X 2 = 8 ft. 

310. Stop Valves — Hand Operated. — The valves used to control and 
regulate the flow of fluids are the most iiiipoi-tant element in any piping 
system. A good valve should have suffic.icmt weight of metal to prevent 
distortion UTider var\Tng temperature and ])r(‘ssure, or under strains due 
to connecjtion with the piping; the seats should ))e easily n^paired or re- 
newed; there should be no pockets or ]:)roje(*,tiotis for the aceuniulatijon 
of condensation dirt and scale, and the valv(^ sieni should permit of e<iy 
and efficient packing. Stop valves are mad(^ in such a variety of designs 
that a brief description will be given of only a few fundamental types. \ 

Figure 560 shows a section of an ordinary globe valve, so called bccausfe 
of the globular form of tlu' casing. This type of valve is the most common 



Fig. 560. Typical Globe Valve, 
Screw-top, Inside-screw. 



Fi(i. .5()7. Typical Globe Valve, 
Bol t-top , Ou tsidc-screw. 


in use for small sizes. Globe valves are designated as (1) inside screw 
and (2) outside screw, according as the screw portion of the stem is inside 
the casting, Fig. 566, or outside, Fig. 567. The top, or bonnet, may be 
screwed into the body of the valve. Fig. 5()6, or bolted. Fig. 567. The 
smaller sizes, 3 in. and under, are usually of the screw-top type and the 
larger of the bolt-top type. Valves with outside yoke and screw are 
preferable to others, in that they show at a glance whether the valve is 
open or closed, an advantage in changing from one section to another. 
The discs are made in a variety of forms, the material depending upon 
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the nature of the fluid to be controlled. Thus, for cold water, hard 
rubber composition gives good results; for hot water and low-pressure 
steam, Babbitt metal; for high-pi’essurc saturated steam, copper or 
bronze; and for highly superheated steam, monel iiK'tal. The valve 
bodies are of brass for low-temperatun^ sizes uiuler 3 in., cast iron for 
the larger sizes and ordinary j)ressures ajid temperatures, and cast steel 
or forged steel for high temj^eratiires and piessuies. (Jlobe valves should 
always be set to (dose against tlie pressure, otherwise tlu^y could not be 
opened if the valves should become detach(‘d from the stian. Globe 
valves should neveu* be placed in a horizontal steam ivturn pii)c with the 
stem vertical, because the condensation will fill the pipe about half full 
before it caTi flow through the valve. Globe valv(^s that are open all the 
time are i)rererably designcMl with a self -packing spindle, as in Fig. 5G7, 
in which the top of shoulder G can be drawn tightly against the under 
surface of bonnet N, thus prcwcniting steam from leaking past the screw 
threads while the spindle is Ixang pac^ked. For low pressures such as are 
encountered in heating servic^e, a packless valve of the type illustrated in 
Fig. 508 is finding favor with laigiiuHM’s. The syl])hon bellows encloses 



Fig. 568. Tyi)i(%'il 
Packles Valve. 



Fig. 560. "typical Low- 
preswiire Ciat(^ Valve, 
( )u1 side - s(!rew and 
Yoke. 



Fig. 570. Tyi)i(;al Gate 
Valve, Solid-w(idge, 
Bolt-top, Inside-Hcrew. 


the valve stem so that the stuffing box is dispensed with. Small valves 
for high-pressure superheater drains are frequently designed of forged 
steel. 

Figures 569 to 573 show different designs of gate or straightway valves. 
These valves offer little resisfanee to the flow of fluid passing through 
them and are designed with the same range in body design and materials 
as the globe valves. Mgure 570 shows a section through a typical cast- 
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iron, bronze-trimmed valve with solid-wedge gate and suitable for mod- 
erate pressures and temperatures. For the sake of illustration this valve 
is fitted with inside screw. In this design the spindle remains stationary 
so far as any vertical movement is concerned 



pass valve also facilitates “ warming up the sec^tion Fig. 572. Typical Angle 
to be cut in and is more readily operated than the Valve, Gate-pattern, 
main valve. 


311. Stop Valves — Remote Control. — In the modem steam power 
plant, steam-header and sectionalizing valves and the large valves in the 
condenser circulating-water pipe line are usually power operated. This 
greatly reduces the time of opening and closing the large valves and per- 
mits of remote control. If a bad break should occur in the high-pressure 
steam line, it would be almost impossible to locate it and sectionalize the 
header by hand-controlled valves, on account of the tremendous volume 
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of steam escaping and the consequent confusion. With power-operated 
valves this opening and closing can be effected at any (.listant point by the 
use of a suitable control system. Both hydrauli(;ally, and electrically 
operated gate and globe valves for all purposes arc' on the market. 

Figure 573 shows a section through a typical hydraulically controlled 
gate valve, and Fig. 574 gives a diagrammatic outline of the control 
system at the Northeast Station of t-hc Kansas City 
Power & Light Co. All of thci valves on the circulating 
water lines in the condenser vvc'll, and also tliosc on thc^ 
steam headers in the boiler room, are provided with 
hydraulic cylinders. Oil is usc'd as the operating fluid 
and is sui)plied at a i)r(issure of 150 lb. gage. The puni]) 
is automatically started and stoi)i)ed and the pressure on 
the system is maintained uniform by means of a wcightcid 
accumulator. The two ends of the hydraulic* c*ylindc'r on 
each valve communic-.ate with the oil sysrc'in through a 
four-way plug cock whicii can be placc'd at any eonvcmiont 
point. Turning the cocik acljuit-s oil to eithei* side* of the 
piston and (exhausts it from the other, and this in tuin 
opens or closes the gate. Admission of oil to the', valves 
causes the accumulator to descemd to sucdi a point that 
the float switch closes and thc^ inim]) is stalled. The' r,73 Typi- 
pump continues to opc'i atc' until the demand for oil is ovc'r cijil Hydraulic;- 
and the counterwcaglit, attached ])y a cable to the ac*-- ally Opcuatoil 

cumulator, reaches its extre^me position and opc'us the Gate Valve, 

circuit. 

Figure 575 shows the general dcitails of an electrictally operated high- 




pressure steam globe valve provided with a declutching device to insure 
automatic stopping without jamming when the motor armature and gears 
** drift ” after tripping. It is also equipped with a self-contained electrical 
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limit capable of breaking the main motor current without arcing, and so 
geared that operation of the valve by hand will not throw it out of adjust- 



Fig. 575. Demi L^lectricjillv Con- 
trolled Valve. 


rnent. To open or close the valve, 
it is only nec^essary to manipulate a 
swit(‘h or push button plac^cxl at any 
convenient point. When such a valve 
is \ise(l for high-presvsure steam service, 
there are usually thi-ee points of con- 
trol: (1) a lo(ial control station mounted 
at some point from which opeming and 
closing the valve may be observed, (2) 
a remote control in the boiler roqni 
close to the door leading into tmbilie 
room and (3) a remote control at a salje 
point unlikely to be affected by steai|i 
flow. In some plants, a centralized conV 
trol board is adopted. Figure 57() 
shows the l()(‘ation of the electrically 
operated valvc's in the Hcdl Gate Sta- 
tion of the Ihiited Electric Light ^ 


Powei* Co. 


In steam heating plants, the su])i)ly valves on tlu^ healing coils are 
frequently controlled b}^ a 

thermostat. p]ach valve fj 1 — v 

Xl iX I( iX li : T Turbino No. 1 

may be controlled by a T T ITT 

direct-acting individual ^ ^ 

,1 . . 1 ,1 Sta-.k No 1 ( ) Auxiliuro H 

thermostat, or by a thermo- ^ ^ ^ T urbine no. 2 

stat of the relay type which f| |f f| || f f i p aj 

controls the motive power i 

actuating the valve. The 

direct acting controls are 1 - -1 ^ '[u rbin c No. ; 

usually of the sylphon i,ype ^ % — J? 

in which a small tempera- sia.kNo. 2 ( j 

ture variation effects a con- IT .t :: 

sidcrable change in lengtii I '} w "if ^ 

of the bellows. This change 


1 AuxiliuncH 

1 Turbine No. 2 


— 

^ f 


u 

Turbine No. 3 


^ 

>o*- 

To Auxiliarica 

Turbine No. 4 

-N 


If 



Non-return valves 


opens and closes ^ Motor-opamUd valv«i Ka ThrolUc valves tM Non-return valves 

t>< Hand-operated valv( 

a balanced stop V.-X1VC. , 

vocation of Idectrically Operated Valves, 
Figure 577 shows a sec- IMl Gate Station, 

tion through a Powers 

thermostat illustrating a relay type of mechanism for regulating the sup- 
ply of compressed air to a stop valve of the diaphragm type. 


Fitj. 57(). Location of Idectrically Operated Valves, 
Hell Gate Station. 
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The expansible disc U contains a volatile liquid having a boiling point 
of about 50 deg. fahr. Tlie i)ressure of the vapor within th(^ disc at a 
temperature of 70 deg. amounts to 6 lb. (f) the s(p in.^ and varies with 
every change of teniperatinc^, causing a variation in 
the thickness of the disc. Tlie disc is attaclied \)y a 
single screw O to the lever Q, whi(‘h rests upon tlie 
screw F as a fulcrum. The Hat spring R holds (he 
lever and disc against the movable flange M. ( ‘on- 
necting with the chamber N are two air passage's 
II and I. The thermostat is attaclied by means 
of two screws at the uppi'r end to a wall plate ^ 
permanently secured to tlu' wall. This wall plat(‘ 
has ports registering with II and /, one for su})])ly- 
ing air under pressure and the otlu'r for conducting 
it to the diaphragm motor ^^hi(‘h ojierates the vahe Q 
or damper. Air is admit b'd thiough II imih'r a 
pressure of about 15 lb. jier s(|. in., and its pas- 
sage into chamber N is regulatcal liy th(' valv(‘ ./, 
which is normally held to its s(‘at b>' a coil siiiing 
under cap P. K is an elastic diaphragm <*,an-ying ,-77 PeJors 

the flange with escape valve passage covercal nnjrinostut 
by the point of valve L. Valvi' L tc'iids to 
remain open by I'cason of the' sjiring. When the temperature' rises suffl- 
ciently, expansion of the dis(^ U first cause's the valves to se^at, its spring 
being weaker than that above valve ./. If tdie exjiansive motion is con- 
tinued, valve 7 is lifted from its seat and *('0111- 
])ress('(l air flows into chajnlx'i* A, exerting a pnjs- 
sure upon the (‘lastic diajihragm K in opposition 
to the expansive force of the disc.. If the tern- 
perature falls, the disc contracts and the over- 
balancing air pressure' in N results in a reverse 
movement of the flange A7, iiermittlng the escape 
valve to open and discharge a portion of the air; 
thus the air pressiiri' is maintained always in 
direc'.t profiortion to the expansive power (and 
t(anperatur(‘.) of the disc f/. The passage I com- 
municates with a diaphragm valve, Fig. 578. 
Th(i compressed air oj^erates the diaphragm against 
a coiled si)ring resistance, so that the move- 
ment is proportional to th('. air pn^ssure and the suj^ply of steam is 
controlled accordingly. The adjusting screw G, scpiared to receive a key, 
carries an indicator by means of which the thermostat can be set to carry 
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any desired temperature within its range, usually from 60 to 80 deg. 
In changing the temperature adjustment, lever Q forces the disc U closer 
to or farther from the flange Af. 

In connecting up the system, (lomprcssed air is carried to the thermostat 
and diaphragm valv(!s, from a reservoir, through small concealed pipes. 

In the indirect system of hciatiiig, the dampers are of the diaphragm 
type and the method of regulation is the same as with the direct system. 

Sectionalizing and linnnie ConLrol of Jligh-jyrcssure Steam Lines: Alecli. Kngrg., Aug., 
1923, p. 483. 

ElvctricaUy Operated Valves: I’owtir Plant Engrg , June 1, 1923, ]). 572. 


312. Emergency Closing Valves. — In addition to the reiuote-eontrol 
power-actuated stop valves which can be (piickly closed in case of (nner- 
gency, thc^re are a number of valves on the mai’ket intend(‘d primarily ibr 
emergency scrvic(^ One of the simplest of th(\s(‘ is th(' butterfly valv^i 
which is similar in principle to the weighted (diec-k illustrated in Fig. 581 Zi. 
The disc is held open by a trigger device whicli may iie op(‘rated nianua ii). 
by a cord or electrical push button, or autoniatic.ally by any prtissurc or 



Emergency Viilve. 



for Emergency Valve 


speed variation. Releasing this trigger causes the w('ight attached to the 
disc-shaft lever to droj), which in turn cpiickly (doses the valve. A by- 
pass is provided so that the pressure on b(3th sides of the disc can be 
equalized when the valve is restored to its open position. Valves of this 
type arc commonly pdaced on turbine and engine leads and the releasing 
mechanism is arranged so that it may be tripped automatically, when the 
unit overspeeds, or manually from some distant point. 

Figure 579 shows a section through the valve body and F'ig. 579a a 
similar view of the pilot mechanism of a triple-acting emergency valve, so 
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called because it is intended to act as a non-return valve as well as to cut 
off the flow when a predeterniined pressure drop occurs on either side of the 
valve. Referring: to Fij*;. oTfl, valve disc V and piston P are secured to 
the same stein so that the lalter rises with the lift. Piston P acts as a 
dashpot, a double cushionin^z; effect beinp; esi.ahlislu'd by the confined 
spaces ;S and *S'. Steam from Ihe lowcn* side of th(' valve disc jiasses 
through by-pass B into the upper chamber U and through o])ening 0 
into annular space *S. When t he pressure on both sides of the disc is the 
same and the steam in spac'e >s’ is (‘onfined so that it- cannot escape, the 
system is balanced and the valve is free to move. Annular space S is 
piped to th(' pilot valve. In cas(^ the ])ressure on tlie lower side of the 
disc is suddenly lowered, as in case of a. tube blow-out-, the disc will close 
because of the reversed flow. On the other hand, in case the pressure on 
the upper side of the disc should dro]) below a j)r(Hl(‘terniined amount, the 
pilot valve, which is connected to this side of the line, will release the 
pressure in annular space N, and the excess pressure in chamber U will 
force the va,lve t-o its sent. The steam ])ressure acting on the lower side 
of the ])il()t- valve may be automatically released by the lifting of the 
pilot-valvT, disc (as when t,h(‘ pressuix* in the small lead from pilot valve 
to header drops), or an (electrically o])('rated trip may open the pipe to the 
atmosphere. In case of a large and sudden drop on the upi)cr side of the 
disc, the kinetic (mergy of the steam acting on the bottom of the disc will 
tend to retard and may (wen overcome the dilTcirential pressure a(jting 
on top of the piston. 

313 . Non-return or Stop-check Valves. — Whei'c there are two or more 
boilers connected to a commoTi steam headei-, each boiler should be pro- 
vided with an automatic, return valve to prevent re- 
versal of flow. To be successful, such a valve slmuld 
not open until the pressure in the boiler is ecpial to or 
slightly greater than that in the hc^ader; it should 
neither stick and become inoperative nor chatten’ and 
hammer while i^erforming its duty. I^'igure 580 
shows a section through a typical automatic non-return 
valve, which, as will be seen from the illustrMtion, is 
essentially a cushioned check valve with a defl-acihed 
valve stem for sccairing the valve to its seat in case 
the valve is to be held closed. In some designs the 
cushioning effect is produced by an exterior spring con- Typical 

nected through suitable linkage to the disc instead of Automatic Non- 
an interior dashpot as illustrated in Fig. 580. In the return Valve, 
event of a tube “ blowing out ” in a boiler to which a 
non-return valve is connected, the valve will instantly and automatically 
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close^ cutting out the boiler and preventing a bacjk flow of steam from 
the main. It will also act as a safety stop valve, preventing steam 
from being turned into a cold boiler while men are working inside, be- 
cause it cannot be opened when there is pressure on the header side 
only. 

Electrically operated non-return valves are also in us(\ The operation 
is the same as that required on triple-duty design (see paragraph 311) 
with the exception that the valve stem is driven by a motor with reduction 
gearing. 

For a description of a series of low-pressure-loss non-retum valves, 
consult Report of Ihime Movers C'Ommitte(‘, N.F.L.A., 1923, Part A, 
p. 42. I 

314. Check Valves. — Figure 581, A to illustrates the different 
types of chec.k valv(\s in most common use on wnior liiu's. A is a bkll 
check, R a cup oi* disc check, C a swing check, and D a weighted check. 
Occasionally the valve Ixxly is fitted with a valve stem and handle fdr 



Ficj. 581. Types of Check Valves. 


holding the disc against its seat, in whicdi cas(' it is designated as a Stop 
check. In A and R, the valve seat is parallel to the direction of flow and 
the valve is held in fdace by its own weight and by the pressure of the 
fluid in case of reverse flow. In the swing (dieck, the seat is at an angle 
of about 45 deg. to the direction of flow. The latter construction is i)re- 
ferred as it offers less resistance to flow and tliere is less tendency for 
impurities to lodge on the valve seat. By extending the hinge of the 
swing through the body of the valve, a lever and weight may be attached 
as in D, and the check will not open exccjff. at a pressure coiTesponding to 
the resistance of the weight. It thus acts as a relief valve and at the 
same time prevents a reversal of flow. Stop checks arc usually inserted 
in boiler feed lines close to the boilei*, and, when lucked, act as any ordinary 
stop valve and permit Ihe pi])ing to be dismantled or the regulating valve 
to be reground without lowering the pressure on the boiler. Since the 
wear on check valves is excessive^ and necessitates frequent regrindiiig, 
they are often mounted with regrinding discs. Fig. 581 (C), which may 
be “ ground against the seat without removing the valve from the line. 
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315. Blow-off Cocks and Valves. — The requlrenu'nts of a good blow- 
off valve are that it shall famish a free passage for scale and sediment, 
that it shall close tightly so as not to leak, and that it shall open easily 
without sticking or cutting. On account of the rather severe service to 
which such valv(*s are subjected, they should be made very heavy, with 
renewable wearing parts. 

Figure 582 giv(\s a sectional view of a (h’ane blow-off valve suitable for 
300 lb. prc'ssure. "Jlie body and bonnet are of cast steel and the seat of 


Fkj. 583. Lunki'iilu'inu'r lilow-off Valve. 

monel metal. The disc is designed to form a thi’ottling lip with the 
body so that scale (cannot lodge between the seat and dis(;. Figure 583 
shows a section through a Tainkenheimer lilow-off valve suitable for 400 
lb. pressure. Phe body and bonnet arc of cast steel 
and the mountings of monel metal. The effect of 
wire drawing and the consecpient rapid erosion of 
the seating surfaces are minimized by the piston- 
shaped disc; which, as the valve is closed, fits con- 
centrically within the cylinder above the scat. 

P'igurc 584 shows a section through a typical 
blow-off cock of the straightway ta.per-])lug pattern 
with self-locking cam. IMug cocks ar(‘ sometimes 
used for throttling, but they are not suitable for 
this service and should be used only as a protection 
against leakage of the blow-off valve. Fig. 584. Typical 

Every blow-off outlet of each boiler in a battery Hlow-«fT Cock, 
should be ecpiipped with a blow-off cock or a F 

blow-off valve between the boiler and the blow-off valve, as shown in 
Fig. 585. When a boiler is blown off, the coc.k or Y valve should be 
opened first and the blowing-off operation controlled by the blow-off 
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valve. After blowing, the blow-off valve should be closed first, and then 
the cock or Y valve. 




"Y" 

Fici. 585. Arrangcinwit of Blow-off Viilvos mid Cocks. 

31G. Safety Valves. — The dead weight is the simplest fonn of safejty 
valve. The valve is held on its seat against the boiler y)ressure by Oi^cait- 
iron weight. This iy])e has the advantage of great simplicity, and cfMi 
be least affected by tampering, since it requires so much weight that any 
additional amount which would seriously overload it can be (quickly 
detected. 

In the lever-type of safety valve, the valve is held against its scat by a 
loaded lever, thereby permitting the use of a jmi(‘h smaller weight than the 
dead-weight type, since the resistance is multiplied by the ratio of the 
long arm of the lever to the shorf. one. The proper position of the weight 
is determined by siiriple ju'oportion. The use of safely valves of the 

dead-weight or lever ’’ type for high-pres- 
sure sendee is prohibited in U. S. marine service 
and in most states and should be completely 
discontinued since these valves are not only 
unreliable Imt possess many operating dis- 
advantages when com] )a red with the spring- 
loaded device. 

Figure 58() shows a section through a typical 
pop safety valve in whicii th(^ boiku' i)r(^ssurc is 
resisted by a spring. This type of valve has 
practically supjdanted all oth('T fonns. The 
boiler pressure acting upon the under side of 
valve V is resisted })y the tension in spring S. 
As soon as the boiler pressure exceeds the re- 
sistance of the spring, the valve lifts from its seat and the steam escapes 
through opening 0. The stalic pressui'c of the steam plus the force 
of its reaction in being deflected from the surface A holds the valve 
open until the pressure in the boiler drops about 5 lb. below that at 
which the valve is lifted. The additional area of valve exposed to 
pressure when the valve lifts causes it to open with a sudden motion 


J3cs> 

Blow Olf Leve 



SoUer ConnecUon 


Fig. 580. Typical '‘Pop’ 
Safety Valve. 
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which has given it its luiiiie, and it also closes suddenly when the 
pressure has fallen. Th(\se valves are arranged so that the spring tension 
may be varied without taking Gu^in apart, and provision is made for 
lifting the seats by means ol a levi'r. The seats ai o of solid nickel or monel 
metal in the l)cst designs, to minimize corrosion. 

The commercial rating of a safety valve is based uikhi the ai'ea exposed 
to pressure when the valve is closed. 

The number and size of safety valves for a given boiler are ordinarily 
specified by insuran(;e, city, or state legislation. 

The logical method for determining the size of safety valves is to make 
the actual opening at discharge sufficient to take care of all steam gener- 
ated at maximum load without allowing the pressure to rise more than 6 
per C0fit above the maximum allowables working pressure, thus: 

Let W = maximum weight of steam discliarged, 11). per hr., 

A = effective discharge area, sep in., 

P = boiler i)ressure, lb. per sq. in., abs., 

L = lift of valv(‘, in., 

K = coeffici(‘nt determined by experiment, 

D — diameter of valve, in. 

According to Napier’s rule for the discharge of vsteam through unre- 


stricted orifujes 

W = 3G00 7M/70 = 51.4 PA. (280) 

Allowing 0.9() for restriction of orifice (A.S.M.K. C^ode) 

W - 49.3 PA, (280a) 

For a flat-seated valve, A = ttDL 

whence W = 155 PDL and D = 0.00(i45 W/PL. (2806) 

For the almost universal 45-deg. seated valve 
A tDL sine 45 deg. 

whence W = 109.7 PDL and I) = 0.00911 W/PL, (280c) 

The present t u 1(‘ of the United States Board of Supervising Inspectors 
is 

a = 0.2074 w/P (280d) 

in which 


a = area of the safety valve in sq. in. per sq. ft. of grate surface, 
w = lb. of water evaporated per sq. ft. of grate surface per hr. 
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This rule assumes a lift of 1/32 of the nominal diameter and 75 per 
cent of the flow calculated by Napicr^s rule. The 75 per cent corresponds 
nearly to the cosine of 45°, or 0.707. 

Example 90a. — A boiler at the time of maximum forcing uses 2150 lb. 
of screened-nut Illinois coal per hr.; heat value 12,100 B.t.u. per lb.; 
boiler pressure 225 lb. per sep in. gage; feedwater 200 deg. fahr. Reejuired 
the size of safety valve. 

Solution. — Assuming a boiler efficiency of 75 per cent, the total maxi- 
mum evaporation is 

W = 2150 X 12,100 X 0.75 - 1033 = 18,880 lb. per hr. 

(1033 = heat content of 1 lb. of steam at 225 lb. gage above 200 4cg- 
fahr.) ^ 

Assuming a lift of 0.1 in., we have, from equation (280c), 

D = 0.0091 X 18,880 -- 240 X 0.1 = 7.17 in. 

According to the A.S.M.E. code, two valves would be re(]uired. Coii- 
sidering two valves having the same lift a.s the single' valve, the diameter 
of each for the given conelition would be 7.17/2 = 3.5 in. (approx.). 

The following rules pert-aining to safety valves are taken from the 
A.S.M.E. Boiler ('ode: 

Each boiler shall have two or more safety valves, ('xcept a boiler for 
which one safety valve 3 in. in size or smaller is reeiiiired. 

One or more safety valves on every boiler shall be s(^t at or below the 
maximum allowable working pressure. The remaining valves may be 
set within a range of 3 i)er cent a))ove the maximum allowable working 
pressure, but tlie range of setting of all of the valves on a boiler shall not 
exceed 10 per cent of the highest pressure to wliic'li any valve is set. 

Elach valve shall have full-sized direct connection to the boiler. No 
valve of any description shall be plac^ed between the safety valve and the 
boiler, nor on the discharge pipe between the safety valve and the atmos- 
phere. 

Every superheater shall have one or more safety valves near the outlet, 
whose discharge capacities may be included in determining the number 
and size of safety valves for the boiler if there are not intervening valves 
between the superheater safety valve and the boiler and if the discharge 
capacity of the safety valves on the boiler, as distinct from the super- 
heater, is at least 75 per cent of the total valve capacity required. 

The complete A.S.M.E. Boiler Code may be purchased from the Amer- 
ican Society of Mechanical Engineers, New York City. 

The How and Why of Safety Valves: Power, Sept. 4, 1923, p. 357. 
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317. Back-pressure and Atmospheric-relief Valves. — These valves are 
for the purpose of preventing excessive hack pressure in exhaust pipes. 
In non-eondensing j^lants, such valves an' designat(*d as back-pressure 
valves and in condensing plants as atmospheric relief valves. In the 



former, the valve is usually adjusted so that ii pn'ssurc' of 1 to o 11). above 
the atmosphere is necessary to lift it from its s(‘a1 ; in the latter, the valve 
lifts at about atmospheric jiressure. Th(\y ai( practically identical in 
construction, differing only in minor didails. 

A slight leakage in tlu^ bac^k-jiressure valve* is 
of small consequence, but, in an atmosi)h(’rie 
relief valve, it, may sei iously affect the d(‘gree 
of vacuum and throw uniua-essary woik upon 
the air j)ump; henc(‘, it is customary to 
'Svater-sear' the latter. Figure 588 shows 
a section through a ty}nc,al back-])r(*ssure 
valve. The vahf* jiroper consists of a single 
disc moving vertically. Tlui valve stem is 
in the form of a piston or dashpot, which 
prevents sudden closing or hammering. Tin*, 
pressure holding the valve against its seat is 
regulated by a spring. Wiien the back pres- 
sure becomes greater than atmospheric plus that addial by the spring, the 
valve rises from its seat and relieves it. 



iirv. Valve. (Single-seated, 
Sjmiig-loaded.) 
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Figure 589 shows a section through a back-pressure valve of the double- 
seated, lever-loaded type, in which the resisting pressure is varied by 
means of a lever and weight. 

Figure 55.’) shows the appliciation of a back-pressure valve to a typical 
heating system. 

Figure 590 shows a section through a typicial atmospheric-relief valve. 
Opening li is cormected to the exhaust pipe and oj)ening A leads to the 
atmosphere. Uinlt'r noiinal conditions of operation atmospheric pressure 


Outlet 



Hurc Valve. (Doul)l(3-soatcd, 
Levcr-loadod.) 



Fio. 590. Ty])i(*al Atmos- 
I)licric-relicf Valve. 



Valv(3. Counter- 
weight Type. 


holds valve V against its seat. Water in groove “ water-seals ” the 
scat and prevents air from being drawn into the condenser. In case the 
pressure in pipt^ B becomes greattn- than atmosj)heri(‘, it lifts valve V 
from its seat and is rtditwed. Piston P acts as a dashjiot and prevents 
the valve from slamming. 

Figure 591 shows a s(K’tion through an atmosj^heric relief valve in which 
the weight of the valve is counterbalanced or even overbalanced by an 
adjusta])le weight and levm-, thereby i)ermitting the valve to open at or 
below atmospheric, pressure, as may be desired. 

318. Foot Valves. — Whenever a long column of water is to be moved 
in either a suction or delivery pipe, it is customary to pkice a check valve 
near the lower end of the column to prevent the water from backing up 
when the pump reverses or shuts down. The chec.k valve placed at the 
end of the suction pipe is (called a foot valve. Any check valve may be 
used as a foot valve', though practice limits the choice to the disc or flap 
type as illustrated in Fig. 592. To prevent rubbish from destroying the 
action, a strainen' or screen is generally incorporated with the body of the 
valve. A, Fig. 592, illustrates a single-flap, B a multi-flap and C a disc 
valve composed of a nest of small rubber valves. The single-flap are 
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usually made in sizes 3/4 to 0 in., the multi-flap 7 to 10 in., and the disc 
valve in all commercial sizes from 3/4 to 30 in. For large sizes, 10 to 
36 in., the multi-disc valve is given preference, since a number of 
discs may be disabled without destroying its operation. 



319. Reducing Valves. — It is frequently necessary to provide steam 
at different pressures in the same ])lant, as in cas(' of a combined power 
and heating jdant, or for supplying low-inessure steam to turbine glands. 
To effect this result, the reduction in prcNssure is acconqilislied by jiassing 
the steam through a reducing valve, which is but an automat lead ly operated 
throttle valve. 

Figure 593 shows a section through a reducing valve of the diaphragm- 
lever type suitable for moderates initial pressures and tempemtures. The 
low-pressure steam acts upon 
the toj) of flexitde diajdiragm 
Dj and the weighted lever 
L (which can be adjiisti^l 
to give the d(*sired rediu*.- 
tion in })ressure) acts upon 
the other side. The movav 
nieiit of the diaphragm 
causes the balanced valve V 
at the upiwr end of the 
spindle to optm or close 
according to the variation in 
the low-pressure line. Iner- 
tia weights T and C ]:>revent 
ciiatteriiig. 

Figure 594 shows a sec- 
tion through a redinang valve of the spring- 
loaded diaphragm type suitable for high initial pressures. The move- 
ment of the valve is accomplished by the reduced pressure acting through 
port X. The diaphragm is resisted by spring >S, the tension of which 
may be adjusted to suit. 



Fig. 593. Typic-al Re- 
ducing Valve. (Lever- 
loaded Diaphragm.) 



ducirig Valve. (Spring- 
loaded Diaiihragm.) 
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Auxiliary valve A is held in contact with the diaphragm by auxiliary 
valve sjjring S' and moves up and down freely with the diaphragm. As 
soon as auxiliary valve A is open, steam passers up ai'ound the auxiliary 
valve chamlKT through the set of holes shown under tlie valve scat, through 
the valve seat and out thi’ough the ui)per set of holes which communicate 
with port A' leading to th(‘ sj)ace around the lining, passing down around 
the same and under piston J\ 

By raising pistoTi ]\ main valve V is opemed against the initial pres- 
sure, because the ai‘(‘a of valv^e V is only onc'-half that of piston F; thus 
steam is admilled to the systcan. 

When pn'ssure in llu' systcan has reached th(^ rcHjuired jxnnt (determined 
by s])ring N), dia])hi-Mgm I) is ror(*ed u])ward by the reduced pressure, 
whicth passes up through port A' to chamber 0 und(u- the diaphragm, 
allowing valve A to close, thus shutting off steam from piston P. Main 
valve V is now forced to its seat by the initial ])!‘essure shutting off steam 
from the system juid imshing ])iston P down to the bottom of its stroke. 
The steam })enea,th j)iston P exhausts freely around the piston (which is 
fitted loosely for this piupose) and passes off into the system. 

In i)ractice the main valve does not oj)en or close entirely with each 
slight variation of pi(‘ssure, but assumes a position whi(di furnishes just 
the amount of st(\im recpiiic'd to maintain the reduced pressure desired. 

Piston /*is (itt(‘d with dashi)ot (\ which ])r(‘veiits chatteiing or pounding. 

PediKung valves of th(‘ ty])es described above for reducing very higb- 
pressure high-temj)erature steam to h-K) lb. gage in a single reduction 
are still in an expcuinuuital stage. Two reducing valves in series with an 
intermediate receiver for damping fluctuations have been used successfully 
in this connection. A pi’essur(M(Hlucing valv(^ for high pressure and tem- 
peratures, consisting of a standard glolx' valve actuated by the Payne 
Dean Control, is described in detail in the 1923 Rej)ort, Part A, p. 40, 
of the Committee on Prime Movers, N.E.L.A. 

Reducing valv(\s should always be by-passed to permit of repairs with- 
out shutting down the line. Care should be talam not to use too large a 
reducing valve, siiux* t he valv(' lift is very small and the larger the valve 
the less will be the lift foi- a given weight of flow and consequently the 
greater the wire drawing and erosion of the valve seat. 

PROBLEMS 

1. Determine thi', iiKTease in length of ii 10-in. O. D. J-in. thick steel pipe when cold 
(GO deg. fahr ) and when eonveyinp: steam iit 400 lb. per sq. in. gage, total temperature 
750 deg. fahr 

2. A 12-in. double-offset expansion U-bend having a radius of 90 in. is to take up 
an expansion of 1 in. Required the maximum bending stress in the bend. 
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3 . A lO-in. 0. D. i-in thick, steel pijxi quarter bend havinK a radius of 60 in. is 
fixed at one end and free at the oilier. What axial force at the free end is ro(iuircd to 
deflect it 1 m. in the dircctioii of the fori'e. 

4 . Steam at 200 lb. abs. pressure is eondiietcd throup;!! a liare standard 3-in. pipe, 
500 ft. long. If the temperature of the room is SO deg. fahr. cahailate the total heat 
loss per hour. 

6. If the pipe is covered with a single thickness of ‘ ‘ So per cent Magnesia ’ ' determine 
the saving m heat. 

6 . DeUTiiime the conductivity of th(‘ covering in ProljJem 5, jier inch of thickness. 

7 . Determine the size of steam pipe Mutable lor a l(),(K)0-kw. steam turbine using 
14 lb. steam jier kw-hr., initial jiressuri' 21.“) Ih. abs., back ])ressuie 2 in. mereiirv, super- 
heat 125 deg. fahr., if th('. pipe is 1.50 feet long and the pressure droii is not to exceed 
2.0 lb. per sq. in. per 100 ft. 

8 . Saturated steam at 125 lb. abs. initial pressure is floxMiig at the rate of 20,0(X) 
lb. per hr. through a standard G-in. pipe, 2000 ft. long. Calculate the probable pressure 
drop. 

9. Determine the initial pressure neecssary to deliver 400 gallons of water per 
minute through a 5-in. standard jiijie 1500 ft., long, fitted with two right angle elbows 
and oiK^ globe valve. 'Die water is t.o be discharged into an oyien tank. 

10. How many gallons of water wall l)(‘ disehargial through a straight length of 
6-in. standard pipe 10,000 ft. long if th(j initial ])ressure is 1(K) lb. per sq. in., and wdiat 
will b(‘ the yiic'ssure at tlu' discharge end? 

11 . Determine the number and size of safot >' \alv(‘s for a 50t)-h]). boiler designed 
to operate at a maximum load of 300 per cent above rating; boiler pressure 250 lb. abs. 
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LUBRICANTS AND LUBRICATION 

320. General. — The losses due to the friction of the working parts of 
machinery include considerably more than the mere loss of power; namjely, 
the depreciation resulting from the wear of bearings, guides and other 
wearing parts, and the expense arising from accidents traceable to deW- 
tive lubrication. Perfect lubrication is one of the most essential requW- 
ments for successful operation of a plant and particularly so in the case' of 
the turbine and other high speed machinery. The solution of the various 
problems of lubrication involves not only a question of the lubricant, 
but also methods and points of application, rate of application, and circu- 
lation if the system is a continuous one, heat dissipation, storage, and 
preservation. Lubrication of the various elements in a reciprocating 
engine plant is comparatively simple compared with that in the modern 
turbine installation. The operation of the steam turbine depends on a 
forced-feed lubrication, under pressure and at a relatively high rate of 
speed. As the size of the unit increases, the requirements become more 
and more severe and of greater importance. High peripheral speed of 
shaft, high unit bearing pressure, small clearance, shifting of the point 
of nearest approacih of journal and bearing due to load changes, com- 
pression, throttling and expansion of the oil, its heating and cooling, con- 
tamination with impurities in the system, are all important factors to be 
particularly considered in steam turbine lubrication and lubricating 
systems. The lubricants most commonly met with in power plant prac- 
tice are conveniently classified as oils, greases, and solids, and are usually 
of mineral origin, though animal and vegetable oils are occasionally used 
for compounding or adulterating the mineral product. 

321. Oils. — Vegetable Oils. — Except for certain special purposes and 
for compounding with mineral oils, these possess lubricating properties 
of little practical value, since they decompose at comparatively low tem- 
peratures and have a tendency to become thick and giunmy. The vege- 
table oils sometimes employed are linseed, cottonseed, rape, and castor. 

Animal Fats. — Many animal fats have greater lubricating power than 
pure mineral oils of corresponding viscosity, but are objectionable on 
account of their unstable chemical composition. They decompose easily, 
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especially in the presence of heat, and set free acids which attack metals. 
They are seldom used in the pure state and are usually conipoundetl with 
mineral oils. The animal products used in this coimection are tallow, 
neat’s-foot oil, lard, sperm, wool f^rcase, and fish oil, the first-named being 
the most impoilant. In cylinder lubrication, especially in the presence 
of moisture, the addition of 2 to T) per cent of acidless tallow seems to make 
the oil adhere better to the metal surfaces and increases the lubricating 
effect, while the proportion is so small that ill effects from conosion or 
gumming are scarcely perceptible. 

Animal and Vegetable Oils: Power, Nov. 3, 1914, p. G36. 

Compounding of Luhneating Ods: Powor, Api. 4, 192‘J, p. .535. 

Lubricxition and Luhneants: Power, Soj»L 15, 1920, j). 87.5. 

Germ Process of Lubrication: Nat. Kiiki*-, •July, 1920, p. 312. 

Mineral Lubricating OiU. — These are products of distillation of crude 
petroleum and form by far the greater part of all lubricants. They 
present a wider range of lubricating properties than those derived from 
animal or vegetable sources, the thinncist being more fluid than sperm 
and the thickest more viscous than fats and tallows. They are not easily 
oxidized, and they do not decompose, become rancid, or contain acids. 

Crude Oils are grouped in three series: those' of paraffin, asphaltic and 
cyclo-naphthene base. There is no sharp line of demarcation between 
these groups, since most crude oils found in all fields may contain mixtures 
in variable perc.entages of hydrocarbons belonging to all three series. 
Each individual hydrocarbon of any of tliese series has distinct physical 
properties, and when mixed with others the mixture freciiK'iitly has prop- 
erties quite different from what might be exjiected of the several distinct 
hydrocarbons which it contains. The hydrocarlxms are difficult to 
separate and when an attempt is made to se])arate one compound, other 
hydrocarbons, both lighter and heavier, also separate from the crude. 
Therefore, all commercial mineral lubri(;ants are jnixtures of a number of 
hydrocarbons. While i)reference has always been given to lubricants of 
paraffin-crude origin, irnpiovcment in refining is placing many of the 
lubricants derived from asphaltic-crude oils in active competition with 
the former. 

322 . Greases. — Under this name may be included the various com- 
pounds which consist of oils and fats thickened with sufficient soap to 
form, at ordinary tcmi)eratures, a more or less solid grease. Those 
usually employed are lime, soda, or lead soaps, made with various fats 
and oils. “ Engine ” greases arc thickened with a soap made from tallow 
or lard oil and caustic soda, and often contain neaUs-foot oil, beeswax, 
and the like. For exceptionally heavy pressures, graphite, soapstone, 
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and mica are sometimes added to the grease. Table 102 gives an idea 
of the characteristics of a number of greases. {Prac, Engineer, U. S,, 
Apr., 1911, p. 293.) The friction tests were made on a small Thurston 
oil-testing machine, 320 r.jj.m, and bearing fn-essure of 240 lb. per sq. in. 
of pjoject-ed area. Th(‘S(^ i’(\sults are purcily comparative under the given 
conditions of rul)l)ing surface's, speed and pressure. For results of these 
greases tested on a largci Olsen oil machine, consult reference given above. 

TABLE 102 


iajrjKieATiN(j (tiauactkhistk’S of a number of creases 


Typ(j 

CIaH.s 

M 1‘IliiiK 
Point, 

Fiilji. 

Pi‘r CViit 
Soup 

Kind of 

Sojip 

Per Cent 
And 
tiH Oleic 

Average 

Ooefhtient 

Friction 

\ 

A 

Mineral . . 

Summer 

I()7 

3S 

Lime 

Trace 

0 0^ 

u 

Mini'! al 

SumiiKU- 

17S 

20 

Lim(‘ 

0 3 

0.05tt 

c 

M ineial 

VVmt(“r 

Um 

23 

Lime 

0 1 

0 06i 

D 

Mineral 

Winter 

103 

10 

lame 

0 

0 057, 

K 

Mineral 

Winter 

112 

10 

Lime 

Trace 

0 040 

F 

Tallow No. 3 

Wijiter 

127) 

1.4 

Potash 

0 

0 022 

a 

Tallow No. XX 

Slimmer 

120 

2.1 

Potash 

0 

0 029 

11 

Lard oil 


‘11 

0 



0 on 


'r\ po 

I’lnid 

cicnl Piictioii 
After .VI I r. 
Klin 

Minviiniiin Teinper- 
.'itiire of Koanng 
.\1k>vo that of 
K(K)in, Degw. Fahr 

Fund Temperature of 
J^earing Above that ol 
Konin at End of 3-Hr. 
Hun, Dogs. Fahr 

A Mineral 

0 07') 

70 

OS 

B Mineral .... 

0 050 

70 

58 

C Mineral ... 

0 003 

70 

65 

D Mineral .... 

0 051 

00 

58 

F Mineral 

0 010 

5S 

50 

F 'Fallow No. 3 . 

0 012 

3.S 

18 

fr 'Fallow No. XX 

0 OIS 

45 

32 

11 Lard oil 

0 010 

13 

12 


The following sj)('cifications cover the grade of cu]^ grease used by the 
U. S. (lovernment for the lubrication of such parts of motor equipment 
and other machinery as are lubricated by means of compression cups: 

“The grease sliall be a well-iiiarnifMctured product, composed of a calcium soap made 
from liigh-grado ammal or A'c’gc’table oils or falty acids, and a highly refined mineral oil. 

TJie mineral oil used in reducing the soajis shall be a straiglrt well-refined mineral oil 
with a Saybolt visc^osity at 100 di'.g. fahr, of not less than 100 seconds. 

PltOPERTTES ANIJ TeSTS 

Soap contod. — The content of soap for the several grades shall be as follows: 

(o) No. { cup grease shall contain np])roximately 13 per cent of calcium soap. 

(6) No. 1 cup grease shall contain approximately 14 per cent of calcium soap. 
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(c) No. 3 cup grease shall contain approximately IS ])or cent of calcium soap. 

(d) No. 5 cup grease shall contain apyiro.xiniatcly 24 p(‘r cent of calcium soap. 

Consistence. — These greases shall he similar m consisieiice to (he approved trade 

standards for No. 5, Xo. 1, No 3, and No. o gri‘ase. 

Moist}n'r. — 14i(‘ greasi' shall he a hoiled gnaise, conlaining not less lhan 1 nor more 
than 3 per cent of water Avhcii fimslua! 

Corrosion. — A clean co])})('r ])la(c shall not be discolored when submerged in the 
grease for 24 hours a( room tcmpiaaliirc. 

Ash. — The asli conjciit sliall as iollows: 

No. I grease: TIu' ash shall not he grcatc'r than 1 7 ])('r (‘('lit. 

No. 1 grease: The ash shall not he grcati'r than l.S jua* cent. 

No. 3 greasiv The ash shall no( he- gvivitiT tliaii 2,3 lu'r c('nl 

No. o grease. The ash sliall not h(‘ greater th.‘.n 3.0 prr eiMil. 

Fillers. — The grease* shall (‘ontain no tillers such as vi'sin, resinous oils, soapstone, 
wax, tale, powd(‘red mica or graphite, sulphur, clay, ashestns, or an\ otlier filler. 

All tests shall he made according to the* nu'thods for t('s(iug luhrieants adopted hy 
the (V)innuttee on S(antlai(hzalion of P(‘liol(‘Uin Sfie/atica I ions.” 

Cove) mnent tS/ienJicotiott for 3\‘eh. I’api'i 323, lUirc'au of INliiu^s, 11)22, 

Contmercial JjuJn'iroli n(f Creose.s I’rae iMigiiieca, T. S., A])r., IDll, p. 203; Tests of 
Grease Lubricatton ‘ Jhid., ji. 295. 

323. Solid Lubricants. — Dry gr:it)liit(‘, s()ii])stop(\ and niit‘a a-ro some- 
times used as lubricants, thougli th(‘v ait' usually mixed witli gretise or 
oils. They cannot easily i>(‘ sipieezed oi* sciaiH'd from belwt'cn the sur- 
faces, and are consecpiently siiitabh' where vtuy gn'al weights have to be 
carried on small areas and when the speed of rubbing is not. high. The 
coeffieiciit of friction of such liiluicants is high, and, when economy of 

Drnpn l*ral ?! 
pnr M. Lbii p«r ^ 
flq.Jn. « 

Nu I Amo Cylniilcr OilCiilnno) 6 '150 iil 



Tici. 595. Tests of Graphite Mixed with Various laihrie.ants. 


power is essential, better results may be seemed by th(‘ use of liberally 
proportioned rubbing surfaces and iKpiid lubricant. s. Undtu’ certain con- 
ditions of pressure and sjieed, these lubricants will sustain, without injury 
to the surfaces, pr(‘,ssurcs under which no licpiid would work. 

Deflocculated graphite suspended in oil oi- water, and designated com- 
mercially as oildag and aquadag respect iv(‘ly, is finding favor with 
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many enp;ineors. Clraphito in this defiocculated condition remains sus- 
pended indefinitely in water and oil, readily adheres to the journal, has 
great wearing properties, and is easily applied to the wearing surfaces. 
From numerous and long-continued trials it appears that 0.35 per cent 
serves adecpnitely for all j)urposes. Temperature curves of defiocculated 
graphite in combination with various carrying fluids are given in Fig. 
595. 

Lubrication urlth Colloidal Craphite: by C. F. Mabery, Jour. Indus, and Engrg. 
Chemistry, Vol. 5, No. 9, Sc[)t., 1913. 

324. Qualifications of Good Lubricants. — A good lubricant should 
possess the following fpialitics: 

(1) Sufficient body ” to prevent the surfaces from coming into 
tact under conditions of maximum pressure. 

(2) Capacity for absorbing and (carrying away heat. 

(3) Low coefficient of friction. 

(4) Maximum fluidity consistent with the body rcipiired. 

(5) Fi'eedom from any tendency to oxidize or gum. 

(0) A high “ (lash jioint ” or temperature of vaporization and a low 

congealing or freezing point. 

(7) Freedom from corrosive acids of cither metallic or animal origin. 

325. Testing Lubricating Oils. — There is no (piestion but that the 
lubricant licsf, suited for ji given set of conditions can only be deteniiined 
by an actual jiracJical test under seiwice conditions. Faiv}i plant is an 
individual problem, since (.‘ertain grades and (pialitios of oil which work 
perfectly in some cases have i)roved entirely unsatisfactory in others 
where the conditions aiipeared to be exactly the same. Nevertheless, 
in order to avoid needless ex[)erinient and to limit the number of accept- 
able lubricants to a minimum, it is desirable to know certain character- 
istics which will indicate whether or not the particular lubricant under 
consideration is unfittc'd for the desired service. The small consumer 
must depend upon tlu' r('i)utation of the concern from which he is buying 
for reliable data pertainnig to the (pialifications of their products, since 
the cost of conducting a series of preliminary or identification tests is 
out of all propoi’tion to the actual cost of the lubricant. The large con- 
sumer, on the other hand, may find it to be worth while to conduct an 
elaborate seritvs of tests before drawing up contracts for the oil supply. 

All tests shcnild be conducted in accordance with accepted standards, 
but UTifortunat(dy there is no single standard. For general purposes 
preference should be given to the standards advocated by the American 
Society of Testing Materials issued triennially by the Society. U. S. 
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Government specifications must necessarily be followed for lubricants 
intended for all agencies of the Government. 

Report of Conumtlee on Stamhmhzalum of PvtroUum S pen fi cat ions: liiiroau of Mines, 
Bui. No. 5, 1921, 

Specifications for Petroleum Products: Biin'iiu of Minos, Tooli. Piumt 1^23, 1922. 

The complete test of an oil consists of three parts: Ghemi(*al, physical, 
and practical. 

326. Chemical Tests of Lubricating Oils. — In a general sense the great 
majority of specifications recpiin^ that all oils should be lUMitral in reaction 
and should not show the i)resenc(' of moisture, mattei' iiisolubh' in petro- 
leum ether (hard asphalt), matt(‘r insoluble in ether alcohol (soft asphalt), 
free sulphur, charring or wax-like constituents, naphthenic acids, sul- 
phonated oils, soap, resin or tarry constitucaits, the ]uesence of which 
indicates adulteration, or lack of proper refining. Kxc('[)t in compound 
lubricants no traces of fixed oils (animal or vegetable fats) should be found. 

Approved fixed oils, such as rapeseed, olive, tallow, lard, and neat’s-foot 
oil, may be used with lubricating oil for main engines without torched lubri- 
cation. When the foregoing fixed oils are used, th(\v must l)e well refined 
with alkalies, unadulterated, containing a minimum of free fatty acids, 
with no moisture or gumming (‘onstitiKnits. Olive oil should not have 
a high specific gravity. If satisfactory (‘luulsifying results can be ob- 
tained with straight mineral oils on engines without forced lubri(;ation, 
they may be submitted for service test. 

The most satisfactory procedure is to have the various tests made by 
a competent chemist ; but since a number of ])lants are ])i‘ovided with 
the necessary equipment, the tests which are (uniducted by a large central 
station (and which arii r('.i)resentative of current comnun cial practice) will 
be described in a geneiai way. 

Sulphur. — Boil about. oO cc. of oil with a piec^e of bright metallic 
sodium for half an hour; add water, heat and stir until the sodium is 
dissolved; pour off the water and test the remainder with a fresh 1 per 
cent solution of sodium nitroprusside. If the mixture turns violet color, 
the oil contains sulphur. When sulphur is found, the following test for 
sulphonated oils is made. 


Sulphur Test 

Approximately 1 gram of oil is weighed into the calorimeter cup and 
placed in the bomb, which contains 20 cc. of flistilled water. The purpose 
of the water is to absorb the sulphur trioxide formed from the oxidation 
of the sulphur, converting it to sulphuric acid. The ignition wire is 
attached to the terminals of the bomb, the center of the wire dipping 
into the oil. Fine platinum wire should be used for this purpose. The 
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bomb is th(‘ii closed and oxyp;(ai iniroduml up to a pressure of 400 lb. 
per sq. in. Wh(‘ii this jircssun^ is obtaiiKnl the valve of tlu^ ])oml) is closed 
and tlie charge; is igfiitc'd. From 10 to 15 minutes is allowed to elapse 
for the complete (■om])iistio?i of the oil. The gas in the bomb, after 
com])lete com])uslion has taken j)la(*e, is allow(‘d to escape slowly. 

When the gas in (h(‘ bomb has been redu(;e'd to atmospheric pressure, 
the bomb is open(‘d and the inside rinsed with distilled water, the wash- 
ings being colh'cted in a b(‘aker. The solution is then made alkaline, 
either with ammonium hydroxide or sodium carbonate solution, and 
heated to completely pr('cii)itate an}' heavy metals, and then is filtered. 
The filtrate is then acadified with hydrochloric- acid, heated to boiling, 
and l)arium chloride is added drop by drop until a.n excess of the i|re- 
cipit-ant is ])reseut . The- solution is then allow(‘d to stand for t-wo hohrs 
on the hot plat(' t-o obtain eomplete pn'cijhtation of the baiiuin sulpha^. 
The prc'cipitate is then filtered, washed, dried, ignited, and weighed ij-s 
barium sulphate. \ 

Aciditij. — (A.S.T.M. I)47-1S.) Accurately weigh 10 g. of the oil into 
a flask, add 50 ec. of 05 per c(Mit al(;ohol which has been neutralized with 
weak caustic soda, and heat to the boiling point. Agitate the flask 
thoi’oughly in order to dissolve t.he free fatty acids as (‘ompletely as pos- 
sible. Titrate* while hot with aepieous tenth-normal alkali, free from 
caibonate, using phenolphtlialc'in, alkali blue, or turmeric as an indicator, 
agitating thoroughly after ea,(;h addition of alkali. 

To exjness r(*sults as ])ercentag(; of oleic acid, use the following equa- 
tion: 1 cc. of tenth-normal alkali = 0.0282 gra,m of oleic acid. Alkali, 
1 cc. of which is ecpiivak'iit to 0.5 i)er cent of oleic, acid, may be used. 

i^apoiiificntion. — (A.S.T.M. l)94-21T.) Weigh 10 g. of oil into a 
350-cc. P]rlenmeyer flask. Add from a jupette* 50 cc. of the alcoholic 
potassium hyehoxidc solution followed by 25 c.c. of the purified benzene 
(Celle)- Connect with a condenser loop. Boil on steam bath or electric 
hot plate for 90 minutes, shaking occasionally. Remove and add 25 cc. 
of neutral gasoline, and titrate with the half-normal hydrochloric, acid 
solution after adding 2 or 3 drops of the phenoli)hthalein indicator solution 
until the pink color is destroyed. The absence of the pink color may be 
determined after the titrathm has begun by allowing the solution to stand 
at rest approximately a minute and noting the color of the lower zone. 
Run two blanks with the same mixture of alcoholic potassium hydroxide 
solution and puiified l)enzene. From the difforen(;e between the number 
of cubic centimeters of half-normal acid recpiired for the blanks and for 
the determination, the pei’centage of fatty oil may be (;alculated as follows: 


No. of cc. N/2 acid used X .02805 X 100 
.195 X weight of oil taken 


per cent of fatty oil. 
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To Detect Fixed Oih. — Heat 10 ce. of oil witli a small piece of metallic 
sodium. If the mixture hocomos (!;elatiinzo(l or a semi-solid, it indicates 
the presence of fixed oils. If an e(pial volume of oil is heated alone to 
the same temperature, the viscosity of the two sam})les can be compared; 
if the oil contains fixed oils (animal or vepjetable oils), the samj)lc with 
sodium will be much heavier than th('. sam[)le heated alone. 

Effect of Heat. — Heat 5 cc. of oil in test tube over flame until vapors 
are evolved, and compare the color of the heated oil with that of unheated 
oils. If the heated oil turns })lack, if shows the ])resence of und(\sirablc 
carbon or hydrocarbons. 

Carbon Residue. — (A.S.T.M. D47-21.) The? tests shall be conducted 
as follows: Ten p:rams of the oil to b(‘ tested are weif’hed in the porcelain 
crucible a which is placed in tin* Skidmore crucible and these two cruci- 
bles set in the lar^ijer iron crucible c, care beinfi; takem to liav(' tlu* Skidmore 
crucible set in the center of the iron crucilde, covens beinji; applied to the 
Skidmore and iron crucibles. Idae'C on tri.in^le and suitable stand with 
asbestos Idock, and cover vvilL sheet -iroti or aslx'stos hood in order to 
distribute the heat uniformly during!: the ])rocess. 

Heat from a Himsen buriun’ or other biiriun’ is ap])lied with a hi| 2 :h 
flame surroundinji; lh(‘ larfzjc crucible c until vapors Irom the oil start, to 
ignite over the cru(‘ible, when the heat is slowed down so that the vapor 
(flame) will come off at a uniform rate. TIk' flaim^ from the ignited 
vapors should not extend over 2 in. above I he sheet-iron hood. After 
the vapor ceases to come off, Ihe heat is increascMl as at thi‘ start and 
kept so for five minutes, making th(‘ low(‘r part of th(^ large crucible red 
hot, after which the a.|)paratus is allowed to cool somewhat, before the 
crucible is uncovered. The jKircelain crucible is removed, cooled in a 
desiccator, and weighed. 

The entire process should require one-half hoiu’ to completes when heat 
is properly regulated. The time will depend somewhat u])on the kind of 
oil tested, as a very thin, rather low flash-point oil will not take as long as 
a heavy, thick, high flash-iioint oil. 

Corrosion Test. — A clean strip of pure c,opi)er about 1/2 in. wide 
and 2 in. long is heated to retlness in a Bunsen flame, and while red hot 
is dropped into alcohol. The strip is then allowed to dry as (piickly as 
possible in the air and dro])ped into a sample of the oil contained in a 
test tube. About half the length of the copper strij) should be submerged. 
The test tube is then closed with a stopper and left to stand for twenty- 
four hours. At the end of this tim(*, the copi)er strip is removed and 
washed (;lean with })roper solvents. It is then comp.ared witli a similar 
strip freshly cleaned as previously described. No discoloration of the test 
strip should be shown by this comparison. See A.S.T.M. ,1921, p. 70L 
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Reaction Ted. — Placo 50 cx\ of the sample and 15 cc. of distilled water 
in a 150 cc. flask. Warm to 150 deg. fahr. and shake thoroughly. Allow 
the mixture to cool and transfer 5 cc. of the aqueous layer to each of two 
test tubes, by means of a pipette. Add 1 drop of 1 per cent solution of 
methyl orange to the contents of one tube, and 1 drop of 1 per cent solu- 
tion of phcnolphthalein to the other. No red or pink color should result 
in either case. 

3187. Physical Tests of Lubricating Oils. — The physical characteristics 
usually involve (1) color; (2) odor; (3) specific gravity; (4) flash point; 
(5) fire point; (0) cold point; (7) viscosity; (8) emulsion; (9) evapora- 
tion; and (10) friction. The following tests, unless otherwise indicated, 
refer specifically to the requirements of the Navy Department which, | as 
previously stated, are representative of current commercial practice. \ 

Color. — The color, although having no influence on the lubricating 
value, may be used to identify the sample. American oils fluoresce with 
a grass-green color; Russian oils have a blue sheen; oils containing dis- 
tillation residues and unfiltered oils are brown to green-black in reflected 
light. Nearly all mineral machinery oils are distilled and filtered to some 
extent and are transparent in a test tube, the colors ranging from a yellow- 
ish white to a blood red. The color may be determined in a tinctometer 
by comparing with different-colored glasses or lenses. These glasses are 
numbered, and for machinery oil extend from No. 1 (white) to No. G 
(red). Consult Tech. Paper 323, Bureau of Mines, 1922, p. 31. 

Odor. — The odor may be determined by heating in a test tube or by 
rubbing on the hand, by which means fatty oils, coal tar, rosin oils, etc., 
may be detected. 

Specific Gravity. — The specific gravity may be determined by the use 
of the Westphal balance, hydrometer, or pyknometer,’’ this term signi- 
fying any vessel in which an accurately measured volume of liquid can 
be weighed. When using the pyknometer, the bottle is first filled with 
distilled water at a temperature of 60 deg. fahr., and the weight of the 
water detennined. The bottle is then filled with oil at a temperature of 
60 deg. fahr. and the weight of the oil determined. The weight of the oil 
divided by the weight of the water gives the specific gravity at 60 deg. 
fahr. The Baume gravity is obtained by using the Baum6 hydrometer, 
which is simply an ordinary hydrometer with a certain arbitrary scale. 
Baumd gravity may be converted into specific gravity by the following 
formula: 

"" 130 + Baum6 

Baum^ gravity is largely used in commercial practice. 
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The specific gravity does not affect the lubricating value of an oil, but 
it indicates to the experienced oil man the locality from which the crude 
oil is obtained. For instance, a Baum6 gravity of 32 corresponds to a 
specific gravity of 0.864, and a Baum6 gravity of 18.1 to a specific gravity 
of 0.945, so that an increase in specific gravity is a decrease in Baum6 
gravity. The paraffin-base oils of Pennsylvania derivation have an 
average specific gravity of 0.875 with a corresponding Baum6 gravity of 
30. The asphaltic-base oils from Texas and California have an average 
specific gravity of 0.930 with a corresponding Baum5 gravity of 20. 

Flash Point. — (A.S.T.M. D93-22.) The flash point is determined 
with both the Cleveland open cup and the Pensky-Martin closed cup. 
The flash point of all oils is determined as a nioasure of their volatility. 
The flash point of stearn-c^dinder oils is of primary im]>ortancc, the re- 
quired flash point depending on the temperature of the steam at the 
engine. With lubricating oils for bearings, the flash point is important 
only in that it indicates the volatility of the oils and the presence of kero- 
sene or naphtha fractions, with the accompanying file risks. In the case 
of very low flash-j)oint lubricating oils, it is desirable to run a special 
distillation or volatility test, mentioned under cluanical f^ests. The flash 
point determined with the open cup is higher than with the closed cup, 
as the inflammable gases on the surfac^e of the oil are disturbed by the air 
currents in the open cup. These differences range from 5 deg. to 40 
deg., with the average at 20 deg. The presence of very light ends (kero- 
sene, naphtha, etc.) may increase this difference to 100 deg. 


TABLE 103 

SPECIFIC OHAVITY AND HAUm6 CKAVITY OF A NUMHF-R OF LUUHICANTS 



Spcoifu- 
(Imvil V 

(iravity 

Huuni6 

Flash Tost 
Dor. Fahr. 

\V 

1.000 

10 


Cylinder oil 

9090 

24 5 

575 

Cylinder oil 

S971 

20 

540 

Heavy engine oil 

9032 

25 5 

411 

Medium engine oil . . 

9090 

24 

382 

Light engine oil 

.8917 

27 

342 

Castor machine oil . . . 

8919 

27 

324 

Lard oil 

9175 

23 

505 

Sperm oil 

.8815 

29 

478 

Tallow oil 

9080 

24.5 

540 

Cottonseed oil . 

9210 

22 

518 

Linseed oil ... 

.9299 

19 

605 

Castor oil (pure) .... 

9639 

15 


Palm oil - 

9046 

25 

405 

Rape-seed oil 

9155 

23 


Spindle oil 

.8588 

33 

312 
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Fire Point. — This is the temperature at which the oil bums, and is 
determined by raising the temperature about 3 deg. a min., applying 
the flame for about a second. The fire, or burning, point is from 30 deg. 
to 65 deg. higher than the flash point with all lubricating oils, the light 
oils having a difference of about 40 deg. 

Cloud and Pour. — Mineral oils become more viscous on cooling, and 
finally solidify. In lubricating oils refined from paraffin-base crudes, 
cooling first causes the j)araffin particles to solidify, which gives the oil a 
cloudy appearance; with this class of oils this change is known as the 
cloud point. The A.S.T.M. instructions are as follows: Take a bottle 
about 11/4 in. inside diameter and 4 to 5 in. high, and j)our in oil to a 
height of 1 1/4 in. from the bottom. Insert a cold-test therrnomeiter 
(especially made, using colored alcohol, and with a long bulb) througn a 
tight-fitting cork. A special jacket is used, having an inside diame^r 
about 1/2 in. larger than the bottle. Ice or any other cooling medium 
is packed around this jacket. When the oil is near the expected cloi\d 
point, at every 2 deg. drop in temperature remove the bottle and inspect 
the oil, being careful not. to disturb the oil When the lower half be- 
comes opaepK'., read the thermometer; this reading is t.aken as the cloud 
point. The cold, or ])ou]‘, test is simjdy a continuation of the cloud test, 
exc.ept that the tciinper-ature is noted every 5 deg. and the bottle tilted 
till the oil flows. When the oil becomes solid and will not flow, the pre- 
vious 5-deg. point is taken as the cold point of tlie oil. 

Cold Point. — The object of this test is to determine the lowest tem- 
perature at. which oil will flow from one end of a container to the other. 
In case it should ])ecome frozen the resulting solid oil is stirred till it 
has assumed a sufficiently }:)asty consistency to flow. Th(^ test is con- 
ducted by freezing an ounce of the oil solid in an ordinary 4-oz. oil-sample 
bottle, using a freezing mixture if necessary. The frozen oil is thoroughly 
stirred with a thermometer until the mass will run from one end of the 
bottle to the other, and at this moment the temi^erature as indicated is 
recorded. 

Emulsion Tests. — The oil and water to be emulsified are contained 
in an ordinary commercial 100-cc. graduated cylinder, 1 1/16 to 1 2/16 
in. inside diameter. An oil or water bath is provided for maintaining 
the contents of the cylinder at a temperature of 130 deg. fahr., except 
when a different temperature is specified, both dunng the stirring and 
during the subsequent settling out of the oil from the emulsion. The 
paddle used in stirring is a copi)er plate 4 3/4 in. long, between 3/4 and 
7/8 in. wide and 1/16 in. thick. Means are provided for revolving this 
paddle about a vertical axis parallel to and midway between its two 
longer edges and for keeping the speed fairly constant at 1500 r.p.m. 
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Some form of holder for the evliiidens is a coiivenic'iire hut not a neecssity, 
since on account of the ample clearance beiween paddle and cylinder 
and the fact that a sample is stiri’cd for only five minutes, a cylinder may 
be held by hand during; the slirrino;. A stop should 1)0 provided so that 
when the paddle is lowered into the cyliiuha' (or l)alli raised) the distance 
from the bottom of the paddle to the bottom of the cylinder will be about 
1/4 in. To save time that would otherwise be losL in waitinj^ for the 
filled cylinders to come to the t(‘m]M'rature of tli(' bath, it is desirable that 
the bath should be larf!;(^ enough to contain s('veral cylinders. 

Forty cc,. of the emulsify in jui; licpiid is ]da.c(‘d in a. clean I()()-cc. f!;raduated 
cylinder, and 40 cc. of the oil 1,o Ix' tested is iulded. The (‘vlinder is then 
placed in the bath, and vvli(‘n the contents have reac^lu'd th(' tcTuperaturc 
required for the test they ar(^ stirred by the i>a,ddle for iiv(‘ minutes. The 
paddle is stop])ed, withdrawn from tli(‘ cylinder, and v\'if)ed cl(*an. The 
cylinder is then allowed to stand for the s})ecitied t ime and is then inspected. 

EinuhiJiraUon of Mineral Luhncafitaj Oils I’ov.er, Ot (.. 2‘), lOlS, p. ()49. 

DemuUibililif Test. — Pour 27 cc. of the oil to be testcal and 53 cc. of 
distilled water into a cylinder, ])la.ce cylinder in bath and heat to 130 
deg. fahr. Submerge the paddle and rmi it for live iniFUitcvs at a speed 
of 1500 r.p.m. Sto]) the ])addle, whhdraw it from ilu' cylinder, and use 
the finger to wiiie off the emulsion clinging to the jiaddlc' and to return it to 
the cylinder. Wipe* off the jiaddle with pajKU' so that it, will not, coiFtami- 
nate the next sanqile. Kec*]) the* tem|)erature of the' cylimler constant at 
130 deg. fahr. and take leadings c‘very minute of th(‘ position of the lino 
of demarcation between the* topmost la, yen* ol oil and thc' adjoining emul- 
sion. The first reading is taken one minute aftc'r st<)p[)ing the paddle. 
With oils which act normally, tlie rate' of settling out of the oil increases 
up to a maximum and them decreases, and Ihc^ maximum value in cc. 
per hour is called the ‘‘ demulsibility ” and is recorded as the numerical 
result of the test. Fach rate of settling is the aaeiagc' ra(,(‘ calculated 
from the time of stopping the paddle to the*- time of rc'ading, as shown 
in the following condensed table: 


Time 

Tiijit* siiico Si«)p- 
piijtj; Paddle, 

Kcjdinf! :i1 Ini CM- 
fiiee Bel ween ( )il 
and I’anul.sion 

Od Sou lefl On1 , 

f c* 

Bute of Settling, 
cc per Hr. 

9.50 .. 

0 

SO 

0 

0 

9.55 

5 

77 

3 

30 

10 02 . . 

12 

07 

13 

05 

10.05.. 

15 

03 

17 

OK 

10.10 .. 

20 

01 

10 

57 
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The demulsibility in this case would be 68, the highest value in the 
last column. In cases where the maximum rate of settling has not been 
reached at the end of one hour, the test is disciontinued and the demulsi- 
bility taken as the number of cc. that settled out in th(i hour. 

Precipitation Test, — Five cc. of the oil is mixed with 95 cc. of petroleum 
ether in a tall, stoppered, graduated cylinder, and allowed to stand. The 
petroleum ether must be fn'shly redistilled and the portion boiling above 
150 deg. fahr. discarded. It must not show perceptible solubility in 
concentrated sulphuric acid. 

Viscosity. — l^x])criinental evidcaice indicates that under conditions 
experien(;ed between flat lubricated surfaces the oil flows in parallel 
laycu's much like a pack of playing cards sliding over each other, the 
outer laycM s adlKuing to the surfaces and not sliding with respect ^to 
them. The i*esistanc(! of these layers to sliding past each other is due 
prinrarily to fluid friction or so-(;all('d absolute viscosity and is definqd 
as the force in dyn(‘.s necessary f.o move each S(p cm. of metal surface at ^ 
velocity of 1 cm. ]^(u* sec., if the distance between the sui-faces is 1 ctnl 
Accoi'ding to the gruKually acceirted theory of lubrication, when a perfect 
oil film exists between moving surfaces, so that they do not touch, the 
bearing friction is due soldy to the absolute viscosity of the lubricant. 
That this is not strictly true is evidenced by the experiments conducted 
by Dr. Stanton, in which the addition of 1 per cent of oleic acid to Bayonne 
oil, an amount insufficient to ])roduc-e a noticeable effect on the absolute, 
viscosity, reduced the coefficient of friction in a bearing by no less than 
17 i)cr cent. A])S()lute viscosity, nevertheless, is tnie of the more impor- 
tant characteristics of a lubricant, but unfortunately it is difficult to 
measure directly. The time, however, which is required for a given 
mass of li(iuid to gravitate through an orifice is a function of the absolute 
viscosity, so that it is only necessary to determine this time factor for 
comparison of relative absolute viscosities. The Saybolt Universal vis- 
cosimeter conforming to the dimensions specified by the U. S. Bureau of 
Standards is the recognized standard in this country. (See A.S.T.M. 
Standards, J920, j). 703, for detailed description.) Saybolt viscosities are 
expressed as the number of seconds required for 60 cc. of fluid to pass 
through the orifice at a spc^cified temperature. The temperatures usually 
employed are 100 and 130 deg. fahr. for non- viscous oils and 210 deg. 
fahr. for thick or viscous oils. Since the only force available for driving 
the fluid through the tube is gravity, and the force holding the lubricant 
back in the cup is its internal resistance or viscosity, it is apparent that 
the time required for a given quantity to flow through the orifice will be 
dependent upon both the absolute viscosity and the density of the fluid. 
The Saybolt viscosimeter, therefore measures a unit equivalent to the 
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absolute viscosity divide(i by density, which is called the kmematic vis- 
cosity, and which, for the standard dimensions specified by the U. S. 
Bureau of Standards,^ may be expressed 

K = v/d = 0.0022 t - 180/« (282) 

TABLE 104 


rH\SICAL CHAUA('TKHlSTirS OF A NUMBFIl OF Li nUTCANTS 


Kind of Oil 

Application 

Crav- 

it.x 

I'lush 

File 

Foiii 

\ iMcoMity at 

100 

210 

Compound 

Suporhont valve oil 

f’or sloaiii c\ liiulers umiiir 

221-1151 

525 

5S5 

30 


150 

0 to 6% 


suporhoated steani at pres- 


5tt0 

050 

00 


190 



suri's above 150 Ih, 








IliKh-preHNiiro cylinder 

For sleani cylinders using 

221 -2() 

.510 

570 

30 


140 

3 to 6% 

oil 

satuiatcd Htcani presauros 


575 

015 

00 


100 



140 to 175 lb. 








Geiienil cyliudoi oil 

Foi Htoarn c.Nhnders using 

2.1 201 

470 

515 

30 


120 

4 to 8% 


iiiodiuin piessuros satiuatcd 


540 

000 

.50 


140 



steam 100 to 1!J5 lb. ^ 








Low-proasure cylinder 

For steani (\linders under 

23-27 

400 

.540 

30 


9.5 

2 to 10% 

oil 

pros, Hines bolou J iO !)».; 


540 

000 

.50 


125 



Htoaiti UHuallv wot. 








Engl no oil 

J'’or external use on oiiKiues 

1!)1 2K 

315 

350 

0- 

1.50 




in dnp cup.s oi careulaling 


410 

400 

30 

250 




HX'steniH 








Ico-macluno oil 

For iiinnionia CNlindois of re- 

19 .30 

300 

.310 

20 

100 




friKeriiting niacin ne,s 


370 

425 

0 

1.50 



Gas-engmc oil 

For heavv pas engine and so- 

20-271 

3tK) 

400 

5 

450 

50 



called .senn-Diesel oil eii- 


45tl 

500 

35 

KKK) 

75 



giiie.H 








Diesel-oriRine oil 

For rylinders fif Diesel engineH 

20-27 

300 

400 

5 

700 

55 





.500 

540 

35 

2000 

120 


Heavy journal oil 

For heavy, slow-moviiiK paths 

lK-25 

320 

300 

0-40 

500 

50 



on drodgiriK and like ma- 


440 

490 


2000 

100 



chinerv 








Automobilo-engine oiIh 

(/ylindera of aiitomobiloH 

19-30 

300 

.33.5 

0-45 

140 

40 

Range of all 




450 

525 


2000 

120 

grades L to 









XX heavy 

Marine-engine oils 

External parts of marine eii- 

20-28 

325 

370 

10-45 

400 

50 

5- 15% 


ginois 


420 

500 


900 

80 

Blown 









Rapeseed 

Cutting oil 

Cutting and cooling 

19-28 

315 

3.50 

0-30 

125 


5% to 4% 




420 

470 


300 


Lard Oil 


Tech. Paper, No. 112, 1919. 
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in which 

K = kinematic viscosity, centipoises (the viscosity of water at 68.4 
(leR. fahr. is 1 centipoisc), 
t = Saybolt time, in vseconds, 

V = a})solul,e viscosity, 
d = specific gravity. 

Absolute viscosities are us(m 1 in making any calculation on frictional 
resistances, and Saybolt visc.ositics in comparing the physical properties 
of lubricants. 



Fig. 596. Influence of Time on Viscosities of a Number of Lubricants. 


The influence of f empcrature on the kinematic viscosity and the corre- 
sponding Saybolt time, for a numl)er of lubricants, is shown in Fig. 596. 

Other makes of viscosimeters which are frequently used in determining 
viscosities arc the Redwood of Great Britain, the Engler of Germany, and 
the Barbey of France. For comparisons of the readings of the various 
types of viscosimeters, see Bureau of Standards, Tech. Paper 112, 1919, 
p. 21. The cui’ves in Fig. 597 are of interest in showing the relation 
between absolute viscosities and viscosities as determined from the Say- 
bolt, Redwood, Engler, and Barbey viscosimeters. It will be seen from 
the curves that the viscosity varies considerably with the temperature; 
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therefore, the engineer should determine the operating temperature as 
accurately as possible, and then select the lubricant that will have the 
correct viscosity at that temperature. 

Slandardizatioji of the S(u/boU I'nireritnl Viscosimeter: Bureau of Standards, Tech. 
Paper No. 112, 1919. 

7'he Sayholt Viscosimeter: Power, Mareh 7, 1922, p. .‘{7(5. 

How Vanotioii of 7'cmpcratiire AjlJferts ]’iscosity of Lubricotrng (His: Power, March 
14, 1922, p. 420. 

Viscosity: Lubrication (Texas ('o.), Vol. 0, No. 0, .July, 1920. 


Kinematic Viscosity Absolute Viscosity Specific Gravity 



Friction Festi^. — ITie coefficient of friction, as determined from friction- 
testing machines, is useful in obtaining a comparison of oils under the test 
conditions, but gives little information concerning the action of the oil 
under the widely different conditions found in actual practice. 

Table 104 gives the physical properties of a number of lubricating oils, 
with their particular fields of application. 

Service Testa. — These tests are the real jiroof of the commercial value 
of the lubricant for a given service. Th(^ lubricants arc tested under 
actual operating conditions, and the one that gives the best overall economy 
is selected, such factors as first cost, quantity used, effect on the rubbing 
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surfaces, maintenance and attendance being taken into consideration. 
After these tests have determined the particular grade of lubricant which 
gives the best returns, the tests previously mentioned are made, and the 
results are incorporated in the specifications so as to insure delivery of 
that particular grade of lubricant. Large consumers frequently employ 
the services of an experienced lubricating engineer under the supervision 
of the plant engineer or millwright, for determining the most suitable 
lubricant for the different classes of machinery. 

A Graphical Study of Jovrnal Lubrication: Mcch. Engr^., Eeb., 1924, p 77. 

3J88. Steam Engine Lubrication — Atmospheric. — In a general sense 
all journals, slides, and atmospheric ” surfaces should be lubricated 
with straight mineral oils and greases similar to those specified in Taliles 
101-103. Bearings, gxiides, and all external rubbing surfaces reejuiring 
oils may be lubricated in a number of ways; (1) they may be given an 
intermittent appliciition of oil, as, for example, with an oil can; (2) the^ 
may be equipped with oil cui)s with restricted rates of feed; and (3) thejlr 
may be flooded with oil. The relative lubricating values of the systems 
have been estimated approximately as follows : 



C'oofliciont of Friclion 

CVjuiparalivo Value 

Intermittent 

0 01 and greater 

72 and less 

Restricted feeci 

0 01 to 0.012 

79 to SC 

Flooded bearing 

0 00109 

100 


Intermittent Feed. — Intermittent applications are ordinarily limited 
to small journals, pins, and guides which are subject to light pressures 
and which do not easily permit of oil or grease cups, as, foi- example, 
parts of the valve gear of a Corliss engine, governors, and link work. 
On account of the labor attached and the frequent doubt about the oil 
reaching the wearing surfaces, this method of lubrication is limited as 
much as possible even in the smallest plants. 

Restricted Feed. — In the average power plant the major part of the 
lubrication is effected by means of oil cups which are filled at intervals 
by hand or by mechanical means, the oil being fed from the cup by drops, 
according to the requirements. 

Oil Bath. — In large power plants the principal journals and wearing 
parts are supplied with a continuous flow of oil which completely floods '' 
the rubbing surfaces. The oil is forced to the various parts either by 
gravity from an elevated tank or by pressure from a pump. After the 
oil leaves the bearings, it flows into collecting pans, thence into a receiving 
and filtering tank, and finally is pumped back into an elevated reservoir 
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and used over and over again. The little lost by leakage and depreciation 
is replenished by the addition of new oil to the system. 

Oil Cups. — Figure 598 illustrates the application of sight-feed oil cups 
to the crosshead and slides of a reciprocating engine. The oil is fed into 
the cups by hand and gravitates to the rubbing suifaces, the rate of 
flow being regulated by a needle valve. C^ips A and B feed directly to 
the crosshead guides, but the oil from cup D flows to the bottom orifice 
0, from which it is wiped by a metallic wick *S, and carried by gravity 
to the wrist pin. 



Fia. 598. Oil-cup Lubricator, Hand-tilled. 599. Typical Telt^sc.opic; Oiler. 


Telescope Oiler. — b'igure 599 shows the application of a telescopic 
oiler to a crosshead and guides. 0 and C are sight-feed oil cups, the 
former feeding directly to the top guide through the tul)e S. The oil from 
C flows by gravity through the swing joint into the telescopic tubes P, 

P, and thence to the pin through the lower swing 

joint as indicated. As the crosshead moves back 
and forth, the pipe P slides into and out of 
pipe P, the oil being thus conducted directly to 
the pin without wasting. A device of this type 
installed on a high-speed automatic engine at ]_ 
the Armour Institute of Technology has been 
in operation for five years without cost for repair 
or renewal. 

Ring Oiler. — Small high-speed engines are 
often oiled by the oil-rmg system, as illustrated cation 

in Fig. 600. The shaft is encircled by several 

loose rings which dip into a bath of oil in the case of the pedestal or 
frame and, rolling on the shaft as it turns, carry oil to the top of the 
shaft where it spreads to the bearings. In some cases the rings are 
replaced by loops of chain. 

Ring Lubrication: Power, May 2, 1922, p. 687; Jan. 9, 1917, p. 42. 
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Centrifugal Oiler. — 001 illustrjito.s tho applicatioii of a centrif- 

ugal oiler to a side-c^raiik cn^ino. The oil supply is regulated by the 
sight-feed cup C and flows by gravity to the pipe in line with tlie center 
of the crank slitift. Centrifugal force throws the oil outward through 
pipe B to the center of the ])iTi I), which is drilled h)ngitudinally and 
radially so as to distribute the oil upon the bearing surface. 



Fiti. 001. C’(inlr)fiigal Oiler. Fu;. ()()2. Pendulum Oiler. 


Pendulwn Oiler. — Figure 002 illustrates the aj)plication of a pendulum 
oiler to the crank pin of a ceuUawa’ank engine. Oil cu])s and pendulum 
P are fastened to the (jrank shaft by ta unriion T. The pendulum holds 
the cup vertical, siia^c^ the friction of tlie trunnion is not suHicioiit to 
revolve it. Oil flows along the c(‘nter of the crank shaft under the head 
of oil in (!iip O and is thrown outwajd to bearing B by ceTitrifugal force. 

Splatih Oiliiuj. — In most liigh-s])eed engines, the crank, connecting 
rod, and crossheads are enclosed by a casing, the bottom of which is 
filled with oil to such a depth that, at each r(ua)lution of the (Tank, the 
end of the connecting nxl is f)artly submerged. The result is that the 
oil is splashed into (wery part, of the chand)er, and the crank pin, cross- 
head pins and crosshead sliders practically run in an oil bath. 

329. Steam Engine Lubrication — Internal. — All rubbing surfaces 
which come in (contact witli the steini must necessarily be lubricated, 
but it is far more difficult to ascertain whether or not a steam cylinder 
is efficiently and econornic^ally lubricjated than to determine the same 
condition with bearings, Ixaaxusc the inside surface of the (\ylinder cannot 
be f(dt while the engine is running. Wear in a cylinder cannot usually 
be detected except on ('xaniiiiation when the cylinder head is removed. 
As cylinders and valv(\s canrjot be examined every day there is a tendency 
to use an excess of oil. 

There are two methods of applying internal lubrication (1) the direct 
system, and (2) the atomization system. In the former, the lubrication 
is applied to each of the separate surfaces, while, in the latter, it is injected 
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into the steam so that the latter acts as a carrier. In either of these 
systems, the oil may be fed to the desired point by hydrostatic or by 
mechanically operated lubricators. 

Hydrostatic Lubricators. — The earliest method 
of cylinder lubrication, and one which is still used 
to a large extent, is that using hydrostatic lubri- 
cators of the sight-feed class, Fig. 603. The 
principle of operation is as follows: The lubricator 
is filled with cylinder oil by removing cap the 
height of oil appearing in glass L. If water is 
present, the oil floats on top as indicated. After 
the cap is screwed in i)lace, the valves in ijhe 
condenser pii)e are opeiK^l, subjecting the oil \in 
the vessel to steam-pipe pressiu’e. Steam is con- 
densed in pipe Cj filling tul)e B and part of 
thus adding to the steam i)r(;ssur(^ the pressure 
due to the weight of the water column. Valve F, 
whi(;h communicates with the top of the vessel by 
Fig. 603. Common Ily- of tube A, is opened wide, as is also the 

droatatic Lubricator. regulating valve 7. The pressure at B, being 
greater than that at A by an amount equivalent 
to the height of the water column, forces the oil through A and the sight- 
feed S to the steam pipe;. The rate of flow is controlled ])y the regula- 
ting valve 7. As the oil flows from the vessel, its space is occupied by 
condensed steam, the height of oil and water Ixung visil)le in glass L. 




Fig. 604. Sight-feed Lubri- 
cator, Central >System. 



Fig. 605. Hydrostatic Lubrication, 
Central System. 


Owing to the small capacity of the lubricator, it must be refilled fre- 
quently. To reduce the amount of labor recpiired with the above appara- 
tus, independent sight-feeds. Fig. 604, arc sometimes used in connection 
with a central reservoir. Such an installation is shown diagrammatically 
in Fig. 605. A condenser pipe leading from the steam main enters the 
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bottom of the reservoir, and the condensed steam fills up the reservoir 
as fast as the oil is fed out. The principle is the same as that of the 
simple hydrostatic lubric^ator. 

Forced-fccd Cylinder Lubrication. — Modem conditions of high-pressure 
and high-temperature steam make it desirable, and in many cases neces- 
sary, to use mechanically operatcid lubricators which can be relied upon 
for automatically feeding 
the lubricant uniformly 
and in sufficiently small 
quantities. Figure (iOG 
illustrates the ‘ ‘ K ochester’ ^ 
simple feed automatic 
lubricating pump, which 
takes the oil by gravity 
from the reservoir through 
a sight-feed glass and 
forces it through a small 
pipe to the steam supply 
pipe. The pump entirely 
obviates the trouble due to intermittimt feeding and, being directly driven 
by the engine, runs at constant speed. The feed is uniform and in- 
dependent of the pressure i)umped against. The rate is determined 
by the length of stroke of the puinj) piston which is easily adjusted. 



Fkj. goo. l‘\)rco(l-feed Lubricator, Independent 
Tvi>e. 



With large engines multi-feed pumps are sometimes used, which force 
oil to the various valves as well as to the steam pipe. Figure 607 shows 
an arrangement of storage tanks in connection with pump reservoir to 
avoid the trouble of hand filling. 

See Table 104 for physical characteristics of cylinder oils suitable for 
internal lubrication. 

Steam Cylinder Lubrication: Power Plant Engrg., July 1, 1923. 
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330. Oil Handling Systems — Steam Engine Plants. — Gravity oil- 
feed: Fig. 608, illustrates a simple gravity oil-feed system. The oil is 
supplied to the engine from 
the oil tank, by pipe D under 
pressure rorresponding to the 
height of the tank above the 
oil cups. After performing 
its function the oil gravitatc^s 
to the filter and from tlu^ 
latter to the oil rc^servoir, 
from whi(*h it is pumped back 
to the suf)ply tank, the ov(‘r- 
flow being returned t(^ the 
reservoir through pipc^ A'. 

Operation is interruptxul only 
when new oil is to be added 
to the system from the b*arrel 
through the flexible filling 
pipe. In case the oil tank is 
put out of commission, or the 
supply pipe becomes clogged, 
full pumi) pressme may be 
used by closing valves R and 
S and opening valve E. Th(‘, 
make-up oil is small in amount comi)ared to the (|uantity circulated. 
The reclaiming and purifying of the oil are essential if the bearings are 

to be flooded, otherwise the 
cost of oil would be prohibitive. 

An objection sometimes made 
to tilt', above system is that the 
varying heights of oil in the 
suj)i)ly tank may cause con- 
siderable variation in pressure 
at the oil cups, causing them 
to feed faster when the tank is 
full and slower when the tank is 
nearly empty. This applies only 
to installations where the supply 
tank is filled intermittently. 

Figure 609 shows the applica- 
tion of a low-pressure oiling sys- 
tem in which the level in the sight feeds is kept constant. A is the main 



Fig. 609. Low-pressure Gravity Feed, 


Constant Head. 


Check 
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supply tank, and the upper and lower gages indicating the oil level, C 
the supply pipe running to the engines, and D a small standpipe closed at 
one end and vented near the top. The reservoir is supplied with oil by 
the valve marked “ inlet. When the tank is filled, the oil rises in the 
Standpipe D a corresponding height. The inlet valve is then closed and 
the oil in the standpipe feeds down to the level of the sight feeds or to a 
point where the air will enter the bottom of the tank. Tliis will be the 
constant oil level, since oil flows from the tank only in proportion to the 
amount of air admitted. A head of 6 in. has been found to give the best 
results. 

Compretised-air Feed. — Figure GIO shows diagrammatically the ar- 
rangement of an oiling system involving the use of compressed air as t|ie 
motive power. The storage tank containing the supply of engine oil\is 
under air pressure at all times except during the short periods when it \s 



being filled with oil from the filter. The air pressure on the surface of 
the oil forces it to a manifold on the engine from which it is distributed 
to the various oil cups. The oil flows from the different bearings to the 
returns tank located at the base of the engines. When the tank is filled, 
air pressure is admitted and the oil forced to the settling tank, which has 
a capacity of about 400 gal. and is located near the ceiling. The oil is 
allowed to settle and the entrained water and foreign material are drained 
to waste. The oil gravitates from this tank to a series of Turner oil 
filters. When a new supply of oil is needed, valves A and B are closed 
and vent valve C opened, (fitting off the supply of air and reducing the 
pressure to atmospheric. Valve D is then opened and oil flows from the 
filters to the storage tank. 

Mechanical Feed . — Figure 611 shows the piping for a large central 
system of cylinder and engine lubrication, illustrating current practice. 
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There are two storage tanks on the engine-room floor, one for cylinder 
oil and the other for engine oil, the distributing arrangements being the 
same in each case. The oil is pumped from each tank into a main pipe, 
extending the length of the engine room and provided with branches at 




Fig. Oil. Central System for Large Stations. 


each ^joint requiring lubrication. The oil pumps aie actuated by steam 
are of the duplex direct-ai^ting type, provided with automatic govern- 
PJfs which regulate the speed to suit the demand for oil. The cylinder 
oil is forced through a special sight-feed lubri- 
cator, Fig. 612, undei’ a jnessure about 25 lb. 
in excess of the steam pressure. Referring to 
Fig. 612, diaphragm valve D, in the bottom of 
the lubricator, is kept chased by the steam pres- 
sure admitted through pipes R. Thus the inlet 
pressure must be gri^ater than that of the steam 
before the valve will open and admit oil to the 
engine. The oil, after entering, passes upward 612. Sight-feed Lubri- 
through the sight-feed glass and downward cator (Forced-feed Type), 
through the hollow arm A to the steam pipe. 

The engine oil is forced by the pump to the various points imder a pres- 
sure of about 20 lb. The waste oil is caught in suitable receptacles and, 
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after being filtered, is returned to the storage tank by a steam pump. 
This pump is connected so that it can .supi)ly the storage tank either 
from the filter or with fresh oil from a largo oil tank in the basement. 
By this arrangement all handling of oil in the engine room is done away 
with. 

331. Steam Turbine Lubrication. — The oiling system in small tur- 
bines under 200 hp. capacity is usually self-contained and requires no 
special piping or storage tank. Lubrication of journals is t'.ffccted by 
means of oil rings riding free on the shaft. ( -ored wat(',r-cooling chambers 
are commonly placed below the oil-ring reservoirs, with lapped holes for 
pipe connections. Circulation of water is necessary where high inijtial 



steam temperature conditions prevail and also where a lower oil tem- 
perature is advisable or necessary. When the oil loses its lubricating 
properties, it is removed and the reservoirs are filled with a fresh suppli/- 
Small parts, such as the governor levers, ball bearings, and trunnions, are 
lubricated by hand. 

All large turbines and many of the smaller units lire supplied with oil 
from a general oil-lubricating system operating on a continuous-circula- 
tion cycle. Each turbine manufacturer has a system peculiar to his 
product, but in a general sense the cycle is as follows: 

Oil is taken from a reservoir located in the bedqdatc and forced by a 
pump (geared to the main shaft or independently driven) through a 
tubular oil-cooler to the bearings, etc. The warm oil is drained into the 
reservoir where it is filtered and cooled and from which it is recirculated 
by the pump. With a mechanically operated governor mechanism, the oil 
pressure on the system seldom exceeds 25 lb. gage and only one pump is 
employed. The oil pressures at the points of application vary from 2 to 
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15 lb. gage depending npon tlie make and type of turbine. With the 
oil-relay governor niec'hanisin, an oil pressure of about 50 lb. gage is re- 
quired for its operation. In some designs there are two pumps, one for 
the general lubrication and the othcM* for the governor relay. The majority 
of large turbines, however, have but one pump operating at, a pressure 
high enough for the oil-relay system and furnishing oil for the bearings, 
etc. at a lower pressure through a reducing valve. All large turbines are 
equipped with an auxiliaiy or standby oil j)innii whicdi may be used when 
starting and stopping, or in case' of emergency. 

The “ extra light ” and “ light ” turbine oils as specified by the Govern- 
ment (see Table 101) are prescribed by fully 80 per cent of the turbine 



plants having forced-feed circulation; howewer, for ring-oiled turbine sets, 
the extra-heavy ” oil is used extensively, and in a number of instances, 
it is necessary to furnish a mineral cylinder oil because of steam leakage. 
The “ heavy or extra ” turbine oil is (‘.ommonly specified for reduction 
gear sets. 

Figure 614 gives a diagrammatic outline of the lubrication system of 
the Allis-("halmers turbine. The oil reservoir is located in the bed plate, 
remote from the h(iated ])arts of the turbine, and the pump is placed at the 
high-pressure end. f)il is pumped from the resevvoir under a pressure of 
25-30 lb. through the coolcu- and thence to the main distributing pipes. 
The oil connections for the b(!arings are located in the lower half of the 
pedestal, the oil passing through the bottom seat and around the bearing 
and passing longitudinally along the journals on the horizontal center 
line and on the top. A sight oil vent is provided above each bearing so as 
to prevent air from accumulating in the oiling system at the bearings 
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and also to enable the operat ing engineer to observe the flow of oil. Part 
of the oil is used for the relay system of governing the turbine and the 
remainder, reduced in pressure to about 4 or 5 lb. by a reducing valve, 
is delivered to the various bearings. Excess pressure in the oil system 
is controlled by a relief valve which by-passes the oil back to the reservoir. 

33^. 011 Purification. — Oil used continuously in a lubricating system 
is subject to deterioration and eventually becomes unfit for further use. 
The principal cause of this deterioration is oxidation into a product called 
sludge, caused primarily by the action of light, air, water, and heat, 
though dust, acids and alkalies are also active contributors to its forma- 
tion. ^ Sludge appears to (ixist in a soluble and in an insoluble form. 
The insoluble sludge has a sjiccific gravity greater than that of the joil 
and will settle at the bottom when sufficient time is allowed, but tbe 
soluble compound appears to be in colloidal suspension in the oil at 
operating temperatures. Most of the oil-purifying devices available o^n 
the market will remove practically all of the insoluble sludge, but feV 
will remove the soluble sludge, acids, or alkalies. ^ 

There are at present two methods of purifying oil, viz; (1) precipitation 
and filtration; and (2) ccmtrifugal separation. 

Pre^pitation and Filtration. — Figure 015 shows a section through a 
small purifier of the bag type, suitable for plants where the oil is clarified 

intermittently. Impure oil is 
poured into funnel A and is dis-: 
charged below the surface of the 
water through openings in the 
foot of the tube. The thin 
streams of oil rise vertically to 
the surface of the water, and the 
heavy particles of grit and dirt 
waterLey .1 gi’avitatc to thc bottoHi. The 
= steam flows froui tlic piecipitation 

= chamber through pipe B into a 

filter bag which removes the 
lighter impurities carried over 
with the oil. This type of filter 
liter. remove the soluble 

sludge or the acidity. 

Figure 616 shows a section through an oil filter in which the filtering 
medium is a mixture of excelsior, hair felt, and cloth. The general prin- 
ciples are the same as for the smaller design described above, except that 
the oil is forced through a series of preliminary filters before passinjg 
through the bag. 

^ See Report of Prime Movers Committee, N.E.L.A., July, 1925. 


OAiMr« 



Fig. 615. Typical “Bag-type” F 
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For steam turbines the oil from the bearings is usually at such a high 
temperature that effective sei)aration of water and sediment takes place 
without heating the oil at th(' filler. In fact, it is necessary to equip the 
filter cabinet with wator-(*ooling coils so that the tenqierature of the oil 
may be maintained at the desired jioint. 

Plain separating tanks c^onsisting of a single reservoir, with baffles so 
arranged that the oil must trav('l vertically downward and then vertically 
upward a number of times tlirough water at a slow rate, an' satisfactory 
where the soluble sludge content is comparatively low. 



When an excessive amount of acid or alkali is fonned in the oil and 
cannot be removed through the ordinary proc.ess of filtration and s(ipara- 
tion, the oil should be chemically treated to neutralize the protluct. 

Mechanical Separation. — Centrifugal se])arators operating on the prin- 
ciple of the well-known cream separator an‘ suitable for removal of water 
and solid materials from oil, but do not in one operation eliminate all the 
undesirable contaminating substances, especially those that have a specific 
gravity close to that of the oil it.self. They do not remove at ids or alkalies, 
or the soluble sludge, and they offer opportunities for the oil to mix with 
air. Centrifugal filters similar in principle to th(^ c.entrifugal separators 
have been built, but so far have not been able to protkice the cpiality of 
clarification that is obtained with the series filter. Centrifugal separators 
are frequently used in conjunction with settling tanks and filters, cither 
for preliminary purification or for removing water after the oil has passed 
through the filters. 




810 


STEAM POWER PLANT ENGINEERING 


333. Turbine Oll-purlficatlon Systems. — Tlicre are at present four 
general methods of oil purification: (1) the continuous filtration, (2) the 
continuous by-pass, (3) the batch, and (4) the combined continuous by- 
pass batch system. 

Continuous Filtration System. — In this system the entire volume of oil 
is filtered each time it is puiiiped by the oil pumps of the circulating 
system. For very small tm-bines, where only a small (piantity of oil is 
circulated, this method is very effective and is now standard practice. 
The capacity of the oil tank or tanks should be such that it will take 
at least 5 min. to (‘.irculate a quantity of oil ecpial to the tank capacity. 
For larger turbines, however, the space occupicul by the filter and its 
accessories is objec^tioiiabk^ and the first cost is excessive. j 

Continuous By-pass System . — This system differs from continuous 
filtration^’ in that only 10 to 20 i)er cent of the lubricant coiitained\in 
the turbine oil reservoir is continuously by-passed through the filtration 

system. The continuous by-pai^s 
system is shown diagrarnmaticaliy 
in Fig. 617. A sight overflow A, 
vented to prevent, siphoning, is 
conne(;t.ed to the turbine so that its 
overflow pipe corresponds with the 
desired level of oil in the turbine 
reservoir, which level is thereafter 
automatically maintained at all 
times. This arrangement assures 
that the tui’bine oil reseivoir will 
always b(* at the proper level, since 
the quantity of dirty oil overflow- 
ing to the filter is balanced by the 
amount of clean oil delivered to the 
reservoir by the filter pump. 
Accidental stopi)age of the filter 
pump does not prevent continuous 
operation of the turbine, because 
the vented overflow makes drainage 
of the turbine oil reservoir impossible. Centrifugal separators and sepa- 
rating tanks are sometimes used in place of the bag' filter. This system 
does not lend itself, ho^vevcr, to the removal of soluble sludge at tur- 
bine operating temperatures; but, by the use of the proper oil and an 
efficient filtration system, the water and air may be continuously removed 
so that there is little^ opportunity for this formation to take place. New 
turbines equipped with this system are reported to have been in opera- 
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Fk;. tU7. Continuous By-pass System. 
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tion for periods up to 2 1/2 years with little deterioration in the lubri- 
cating value of the oil. Small quantities of luako-up oil are added 
periodically to replace losses. 

Periodical Batch. — In this system the eniire charge of the lubricating 
system of the unit is drained at definite intervals and a fresh supply is 
introduced. The used oil is submitted to the customary filtration and 
purification process and stored until the lu^xt reidaeenient takes place. 
The chief objections to this s\"steni are that it reciuires keeping in stock 
a large spare sui)ply of oil, (‘ompli(‘ating the storagx^ facilities, and necessi- 
tates shutting down the unit each time the oil is charged. 

Continuous By-pass Batch System. — Manufactureis f)f this system, 
which is a combination of the continuous by-pass and the batch systems, 
claim that it is possible 
to remove completely both 
soluble and insoluble sludge. 

Referring to Fig. 018 it 
will be noted that the piping 
is arranged so as to jdace 
the usual type of bag filter 
in the circuit of a continuous 
by-pass system and so that 
oil can also be overflowed 
from the turbine reservoir 
into precipitation or storage 
tanks, whenever desired, 
while the turbine is in opera- 
tion. The oil is allowed to 
settle in these precipitation 
tanks for a considerable 
period of time, during which 
sludge and watei* settle out. The discharges from the settling tanks is 
connected inside the tank to a float, thereby keejing the end of the 
discharge near the oil level and permitting the cleanest oil to be drawn 
from the tank regardless of the oil leved. 

Steam Turbine Od Purijication Sytitems: Report of Prime Movers Committee, 
N.E.L.A., 1923, Part B, p. 320; 1922, p. 2; 1921, p. 8. 

The Causes of Trouble in Steam Turbine Lubrication and Remedy: Power, Aug. 17, 
1920, p. 244. 

Deterioration of Turbine Oils in Use: Power, Oct. 30, 1923, p. 707. 

Effect of High Temperatures on Lubricating Oil in Circulating SysUmis' Power, May 
16, 1922, p. 781. 

Preventing Emulsification in Oil-Circulating Systems: Power, Nov. 9, 1920, p. 740. 

Maintaining Quality of Steam Turbine Oils in Senice: Power, Jan. 22, 1924, p. 126. 



Fig. 618. Continuous By-pass Batch Hystem. 
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TESTING AND MEASURING APPARATUS 

334. General. — The importaiiec of inaiiitainiTis ^ system of records is 
discussed in i)ara| 2 ;rai)h 354. The various items which may ho recorded 
and the instruments and aj)plianc(is used in this connection are outlined 
in the accomi)anyinf>; chart. No hard and fast rule can be laid down 
stating what instruments must and must not be usc^d, since the problem 
is one influenced v(Ty much by lo(‘al conditions. It is bettcu' to install Itoo 
few instruments than to install more than can be taken care of by the 
plant organization. There are certain instruments which all plants, 
regardless of size, should have installed. The essential iTistruiiieiits 
recommended by the N.E.L.A. Committee on Prime Movers are As 
follows: Steam-pressure gages on boihu-s, header, and turbine throttle; 
feedwater-pressure gages; mercury column on turbine exhaust; ther- 
mometers for feedwater, steam (if superheated), and bearing oil temper- 
atures. In addition to these there should be the usual electri(;al instru- 
ments. There' should also be means for determining the net kw-hr. 
delivei-ed by the station and for measuring (;oal. In large stations a full 
com])lement of indicating, recording, and integrating instruments may 
prove to bo ii good investment if intelligently and closely studied with a 
view f/O locating and eliminating unne(;essary losses. The instruments 
should be inspected and calibrated at intervals, since many of them are 
delicately constructed and are apt to become inaccnirate after a few months^ 
service. Steam gages, thermometers, and pyrometers, and particularly 
piston water meters are subject to appreciable error after considerable 
use. Voltmeters, ammeters, and other switchboard instrmnents are 
easily deranged, especially when subjected to continuous vibration or to 
high temperature. 

TESTING AND MEASURING Ari’ARATUS 
Steam Plant 


Platform .scales, indicating and recording. 

Fuel ] Suspeasion hoppers, indicating and recording. 

Coal meters, integrating. 

Platform scales and tanks. 

Volumetric 

Weights j Current Indicating, 

Area recording 

Fluid Dynamic and 

Weir integrating. 

F orce 
Thermal 
812 
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Pressures. . . . 


Tempera- 
tures . 


Power . 


riuc-p;as 
analysis. . . 


Moisture 

Fuel analysis . 


High 


Low . . . 


-330 to +1300" K. 
- 40 to +800" P. 
-00 to +20(rF. 
+ 50 to + UK)" F. 
+ 120 to +1000" F. 

Olo +]()00"F. 
+800 U) -1-2900"F. 
Over 2000" 

Indi rated 


Dev(‘lo])ed . . , . 


Orsat apparatus. 
Hand analyzers. 
Recorders. 

Caustic. 

Electrical. 

In air 

In steam 

Coal calorimeters. . 
Gas calorimeter . 


I Bourdon gagci, indicaiing and recording. 

^ Manoineters, mercurial^ indicating. 

Manometers — mercurial, indicating, and re- 
cording. 

Manometers — water, indicating, and record- 
ing. 

Diaphragms, indicating and recording. 

(Electric r<‘sistance thermometer. 

(Mercurial gla.ss lliermometcr.s. 

< Lupnd iire.ssuri' (hennorneters. 

( Volatile-lnpiid pre.ssiire tlierinoinetiTs. 

(Gas ])ressure thernioiTU'ters. 

( Rase metal therniocoufiles. 

( Rare inet.al thennocoipih's. 

(Optical and radiation pvrometers. 

/ Indicator.-^, hand-inanipulaled. 

1 Indicators, continuous n'cording. 

I Ropc' l)rak(‘ 

ProTu brake' 

Alisorption dynamometc'rs. 

Electric generator. 


{ 


HygroiiKder, indicating and recording. 
(’iilorinu'K'rs 1 ti'!!;'?!!'''!:' 


Malilei bond). 

Parr 

Junke^r. 


Ele('TU1(’al Plant 

Voltage. Volt meters, A. C. and I). C., indicating and recording. 

Current Amineters, A. C and D. (', indicating and n'cording. 

Output Wat tmi'ters, A C’ and D. C\, int(*grat mg and recording. 

Power factor... Power factor meters, A, C. only, indicating and recording. 

Frequency Frequemy meter, A. C. only, mdicalmg. 

Synchronism- . -Synchronizi'rs, A. C only, indicating. 

The N.E.Ti.A. Coiiiinilteo on Priipo Movcms oRVrs tho following list of 
instriinients, arranged longhly in order of iinportanoo, which may bo 
expc'cted in the average large central station: 

For Station Operators 
Turbine Kooni Instruments 

(a) Indicating steam gage at throttle and otheu' points, depending upon 
the type of turbine or engine; mercury column; thermonuders for steam 
temperature (if superheated) and bearing oil; indicating wattmeter; 
barometer (Aneroid type may be used if frecpjcntly (;heeked). 

(b) Thermometers for circulating water inlet and discharge and con- 
densate. 

(c) Device for measuring air leakage where possible. 

(d) Steam-flow meter or condensate meter. 

(e) Device for measuring tube leakage. 
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Boiler Room Instruments 

(o) Steam gage on eaeh ))oiler (where uniform steam pressure is impor- 
tant and difficult to maintain, a large master steam gage on header is 
desirabl(i). 

(b) Feedwater pressure gage. 

(c) Draft gages at uptake, over fire and air-pressure gages in air duct 
and at those points of the stoker required by that particular type. 

(d) Steam-flow meter on each boiler. 

(e) Air-flow gages on COn nniorder. 

(/) Load indicator or total flow steam meter. 

(g) P^eed water thermometer. 


For C'hecking Oixnation 

(a) Kw-hr. meiais and coal scales; steam pressure (and temperatuj-e) 

recorders. I 

(b) Boiler-feed temperature recorder. \ 

(c) Vacuum r(‘corder; steam-flow meter or feedwater meter or botn; 

blow-down meter (wlu're this is impractical, a r(H*ording thermometer 
placed in a blow-down line iiidi(^ates frequency of blowing and leakage 
of blow-down valves). ' 

(d) Feedwater pressure r(M‘order. 

(e) CX )2 recorder; flue-teitq)eraturc recorder. 


335. Fuel Measurements. — In many small plants using truck or 
wagon delivery, the delivery tickets of the coal dealer are depended upon 
for the weight of coal used, no attem])t being made to determine the 
evaporative value; and the economy of the plant is judged by the size' 
of the coal bill. In siudi (vases a c,onsiderable saving may be effected by 
keeping a daily record covering at least the coal and water 
consumption. The coal can bo conveniently weighed on 
ordinary platform scales or by means of calibrated con- 
taiiK'rs. In large central stations, when the quantities 
involved are very larger, the coal is fretpiently weighed 
in the cars at the plant and no attempt is made to 
dc'tcrmine the amount used by the individual })oilers. 
In many of the modern plants the weight of coal is deter- 
mined by suspended weighing hoppers, which may be 
stationary, as in Fig. 193, or mounted on a traveling 
truck, as in PXg. 192. The scales of such devices are 
made indicating, recording, integrating, or a combination 
of the three, the last costing but little more than the 
simple indicatiTig or recording dfwices. 

A simple and inexpensive coal meter is illustrated in 
Fig. 619. It consists essinitially of a helical vane placed in a cylindrical 
conduit. The movement of the coal causes the vane to rotate, and 
the number of revolutions is a measure of the volume of fuel passing. 





Fig. eiO. Bniley 
Coal Meter. 
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This motion is transferred tliroiip;h flexil)lc shaflins counter located 
at any convenient point. The niamifacturers piiiaiantec accuracy within 
1 to 4 per cent of scale w(‘iji:ht, when the meter is installed in a vertical 
pipe sufficiently lari^e in y)i()i)()rti()n to the coarseness of the coal and 
sufficiently long to insure , uniform distribution of coal throujj;hout the 
pipe. 

Figure 620 gives a diagrammatic arrangement of the principal elements 
in the “Republic “ coal meb'r as applied to chain grate stokers. For a 
given depth of fire, the speetl of the grate is a function of the volume 
passing into the combustion chamber. The S])eed of the grate is trans- 



mitted through suita ble linkage to the count(‘r, so that, the total number 
of revolutions over a given peiiod of time is a fairly acaairate index of the 
volume of fuel fed into the furnace during that time. Variations in 
height of gate are automatically compensat-ed for by a toothed spiral drum, 
so that no corrections of the meter readings are n(‘c.essary. In th(^ com- 
mercial design, the toothed spiral drum is replacc^d by a simr)lcr mechanism 
operating on the same priiKuple, and tlu^ legist (‘r is connected to the 
stoker shaft by means of a flexible couiiliiig. The manufacturers of the 
“ Lea ” coal meter, which is the l^mglish design of this dc'vice, guarantee 
an accuracy within 2 1/2 per (;ent of the triu; volume for all grades of coal 
under average working conditions. Dy chet'king volume against weight 
for any given size and grad(' of coal, the meter readings may be converted 
into weight by the use of a single constant. This device is also etpiipped 
with a tachometer graduatcHl to give the rate of combustion as well as 
the total over an elapsed ]X'riod of time. 

Volumetric measurements of the coal fed by undcufecnl stokers may be 
recorded by calibrating the displacement of the feeder rams a,nd totaling 
the number of strokes with any type of continuous counter. With very 
wet fine-sized coal there is danger from arching, and the accuracy of the 
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displacement of the rams is not a true measure of the volume of coal fed 
into the furnace. For relation between weight and volume for various 
coals, see paragraph IIS. 

The weight of oil fuel feci to the furnace is ol)tained from the readings 
of suital)le fluid meters, and that of powdered fuels by weighing the 
product in closed tanks. 

Coal Weighing Device^) and Meiers: Power Pla,nt lOiigrg., Jiin. 1, 1920, p. 70. 


336. Measurement of the Flow of Fluids. 

, — The 

various devices used 

in this comiection have bt^eTi classified by the A.8.M.F. Special Research 

Committee on Fluid Mt^ters as follows: 



Division Class 

Tf/pe Dirision 

Class 

Type 1 

Positive Weighing 

Weighers Inferential 

Dynamic 

Venturi \ 


'rifling traps 


I'dow nozzki \ 

Volumetric 

Tank 


Orifice 


Piston 


Pitot \ 


Disk 


C'entrifiigal Friction 


Rotary 

Weir 

S(piar(‘ notch 


I^ellows wet-drum 


Triangular notch 

Inferential (kirront 

Propiiller 


Special notch 


'Furl line 

Forc(‘ 

IlydrunKilric pendulum 


Helical 


Varu^ 

Area 

(late 

'riiermal 

Flectric 


Orifice and plug 




Ckine and disk 




Oylind(‘r and plunger 




Meters of the weighing, volumetric, and current class give' total quantity 
directly regardless of the rate of flow, while those of the dynamic, weir, 
force, and thermal class give ratct> of flow. Whem the latter are designed 
to give tcjtal ciuantity, a mechanism involving a time element must be 
added. 

Most fluid meters consist of two distinct. I)art,s each of which has differ- 
ent functions to perform. The first is the primary element, which is in 
contact with the fluid and is acted on direc^tly ])y it; the other is the 
secondary element which translates the ac.tion of the fluid on the primary 
elements into volumes, weights, or rates of flow and indicates or records 
the result. 

The term positive is used to designate those meters through which the 
fluid passes in suc^c'essive isolated ciuantities, either by weight or volume. 
These (quantities are separated from fhe main stream and isolated by 
alternatel}^ filling and emptying containers of known capacity, and no 
fluid can pass through such a meter without actuating the device. The 
secondary element of a positive meter consists of a counter with suitably 
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graduated dials for indicating the total quantity that has passed through 
the meter up to the time of reading. 

The term inferential applies to all meters through nhicdi the fluid 
passes in a continuous stream. The functioTiing of the })rimary element 
depends upon some property of the fluid otliei than volume or weight, 
and the secondary element embodies some device which draws the neces- 
sary inferences automatically so that the observer may read the results 
from a dial. For a detailed discussion of the various types of measuring 
devices outlined above, consult “ First He])ort of A.S.M.l']., S[)ecial Re" 
search (^ommittee on Fluid Aleters ” jniblished by the Society in 1922. 

MedHunug Flmr of FlunLs I^)\v(‘r, Mjir. liO, 1020, p. 501}. 

The Sail Velocilij Method of Water M ensure tneiit- M(‘(ii. -Tmu. 24, 1024, p. 13. 

337. Measuremients by Weight. — Whenever it is desired to calculate 
the amount of heat absorbed or given up by a litpiid, it is ultimately 
necessary to record the ciuaiditv of Ihiuid involvaal in terms of weight. 
Any means of determining the weight, directly is usually moj‘e accui'ate 
than a method which consists of measuring the (piantity volumetrically 
and then transferring to a weight basis, since* th(' w(‘ight is indepeaident 
of other jihysical properties. For this reason, wheai ('xtreme accuracy is 
necessary, the liepiid is weighed di'X'ctly, usually by the use of two or 
more tanks resting ujion scale's filled and emptii'd alternately. Where 
the quantities to be measuri'd are comparatively small and the test is of 
short duration, it is customary to empty and fill the tanks and effect the 
weighing by liand. Where* large quantiti(*s are involved and continuous 
observations are to be made over a long period of time, this method is 
impractical because of the cost of attenelance and the bulk of the weigh- 
ing apparatus. When hot liquids are measured in this imumer, evapora- 
tion may also cause an appreciable error. The i)rincii)al use of the weigh- 
ing tank method has been for making boiler tests and for calibration 
purposes. For specific instructions concennng the weighing of feedwater 
by means of tanks and scales, consult “ Rules for Conducting Boiler 
Trials,'’ A.S.M.E. Code of 1925. 

338. Volumetric Meters. ~ In this (dass of positive meters, volumes 
and not weights are measured, though the sc'ale may be graduated to 
read weight. For constant density tlu* weight Headings are fully as 
accurate as the volume readings, but for varyiiig densities corrections 
must be made. In some designs these corr(*ctions are automati(;ally made 
by the meter mechanism. The volumetric meters of the i)Ositivc type 
most commonly found in power plant praidice are the tank, of which the 
Wilcox, Fig. 621, is an example; the piston, Fig. 622; the disc, of which 
the Nash, Fig. 623, is a typical example; and the rotary, Fig. 624, which 
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Bnla.iii‘(> PrpuBurn 
Viilve ■ 


DiHI^ac 


Ri ll Float 

IT 

Lnwri Tiinlf 


IJW' 


is usually liniitod to small sizes. Piston, disc, and rotary meters are 
usually placed on tlie pressure side of the boiler-feed pump (the conden- 
sation tyi^e of rotary meter (‘xceptiul) since a pressure diffcTcnce is neces- 
sary to ac^tualc the mechanism, while 
i^ffuiaTor'? Bnu«.o iVttBuro tank lucters are generally placed on 

■ 1 'The fonrier take up 

r I ir l„. ' considerably less room than the latter, 

I I IJl ^^re subject to wear with con- 

DiBiiialL^' sequent leakage and error in read- 

” ings. In many plants where piston, 

.T -Jk ' Tank J disc, anfl rotary meters are installed, 

r .,.0 rl meter is by-passed so that it ejan 

W j be operated for short periods as well 

, A as " cut out ” for repairs. ^ \ 

Bim Figure 021 shows a diagrammatic 

li outline of the “ Wilcox Automatit^ 
DiHcliarjfo Outlet ^'[ Water Weigher,” illustrating a t>q)ieal 

Fio. 621. Tvpir.'il Tank Weigher vohiiiKdric jneter of the tank ” 
(W'llcoxj. class. The device consists of a metal 

tank divided into an upper and lower 
compartnuMit by a horizontal partition and a lloat-controlled storage 
reservoir. The water ent(*rs the upper (compartment, passes to the lower, 
in which its volume is nu'asured, and then out through the IT-shaped. 
discharge pipe. The oiKjration, beginning with both compartments empty, 


Dlarhar^fi' Tipc 


-Trip Pjpr, A 

Storage I a 


DiHcliarjfo Outlet ■^[ J 

Fio. 621 . Typical Tank Weigher 
(Wllcoxj. 



Tk;. (VJ2, Tvj)ical Pismn Meter (Worthington). 


is as follows: Water enters tlie upper comi)artment through the inlet 
pipe and rises to tlic^ top of the standpij)e. (The latter is open at the top 
and bottom and is rigidly connected to the bell float, but when in its 
lowest position it is held against its seat by wcught of the bell float.) 
Further admission of water causes it to overflow into and through the 
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standpipe into the lower compartment. Ilic water, riisiug in the lower 
compartment, seals the lower edge of the bell float and entraps a volume 
of air under the bell. P'urther rise compresses the air uiidm* the float, 
in leg C of the discharge ])ipe and in leg A of tlu' trip piix' AB, This 
compression causes the float to rise to its highest position and raises the 
standpipe from its s(ait, permitting the water in the uppi'r chamber to 
pour into the lower vessel. (\)mj session of air continut's until the pres- 
sure becomes great, enough to break the seal in the trif) pi|)(‘. Tliis action 
immediately reduces the pressure below the float, pc'rmits the hitter to 
descend, sealing the up])er chamber against furtlier discharge, and allows 
the water in the low(‘r compartment to siphon out through the discharge 
pipe. The number of discharges is recorded mechanically. The ball 
float and balance j)ressure valve are in operation only when the weigher 
is not working at its full capacity. This particular design is made in one 
size only, maximum capacity 35, ()()() lb. ])er hr. 

Figure 622 shows sections through a duplex-piston meder wliidi is 
essentiall}'' the water end of a duplex dout)l(‘-a,cting pum]> having the 
cross-over valve motion at the bottom. The moving parts consist of two 
plungers and two side valv(\s with a 1 (hxt vvliidi (‘onveys th(' motion of the 
plunger to the recording mechanism. By means of adjustable tapfXits 
at the (^nds of the cylinder, the length of 
the plunger stroke and consequently the 
displacement pen* register may be altereil. 

This provides means for (ailibrating the 
meter for any service. These meters are 
not suitable for capacities over 350 gal. 
per min. 

The disc meter, Fig. (>23, consists of 
a measuring chamber which is divided 
into two (X)inpartm(ints by a disc revolv- 
ing about a spherical bearing. One com- 
partment is always filling while the other 
is emptying and thus an unbalanijed fluid 
pressure moves the disc. Each revolution 
of the disc displaces a definite volume of fluid. These meters arc not 
constructed for capacities over 500 gal. per min. 

Figure 624 illustrates the primiplcs of the Cadillac condensation meter, 
illustrating the rotary type. Its mechanism consists primarily of a cylin- 
drical copper drum divided into six scroll-shaped (compartments, together 
with a case and an integrator. The fluid is admitted by means of a spout 
introduced axially at the center of the drum, and extending throughout its 
entire length is the inlet opening by which the water passes each com- 



Ftc. 02^. Ty])iral Disc Meter 
(Njish). 
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partment successively as the drum rotates. Starting with compartment 
1, directly Ixiiieath the spout, the incoming fluid fills it, and the peculiar 
shape of the compartment causes the greater jxDrtion of the fluid to flow 
to one side of the perpendi(;ular side line of the drum. By seeking to 

find the center of gravity, the water rotates 
the drum, until finally, when compartment 1 
is full, the weight and location of the fluid 
have drawn compartment 2 beneath the spout. 
This second compartment fills in its turn and 
draws compartment 3 into place, and the fluid 
in (^ompartnumt 1 now begins to overflow at 
its outer opening in tlu* perimeter of the druijn. 
( 'om])artm(ait 1 does not commence to dus- 
charg(' until compartmeiil 3 is partly filled. 
All comi)artments an^ alike and each receives 
and discharges the sanu^ volume of fluid! 
Tlu^se meters are intended for capacities 
not exceeding 35 gal. per min. 

339. Dynamic or Velocity Meiers. — In this class of meters the stream 
of fluid creates a diffen'JK'c of pressure, or a differential head, through 
the primary devices, this head depending upon the velocity and density 
of the fluid. The Venturi tube (Fig. 025), flow nozzh^ (Fig. 035), orifice 
(Fig. 023), hyperbolic elbow, and Pitot tube (Fig. 031), are the means 
commonly employed for creating the differential head. 

The relation bc^tween j)ressure and velocity in all types of dynamic or 
velocity meters is expressed by the basic law 

V = CVh (282) 



Fig. 624. Principle of the 
Cadillac Ojnden.siitioii Mct(T. 


in which 

V = velocity, ft. per sec., 

h = head of fluid producing flow, ft., 

C = experimentally determined (‘oefficient which varies with means of 
producing the differential head and other constru(‘tion factors. 

Meters of this class are suitable for measuring the flow of gases and 
vapors as well as that of liquids. The Venturi tube and hyperbolic elbow 
necessitate cutting the pipe line for their introdu(;tion ; nozzles and orifices 
are usually designed so that they may be slipped in between the pipe 
flanges; but the Pitot tube may be inserted in all but very thin and small 
diameter tubes by merely drilling a hole in the pipe at some convenient 
point. Dynamic meters are applicable only to fluids flowing in closed 
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conduits and where the velocity is sufficient to (Teatc an appreciable 
differential head. In the commercial designs of tliis class of meters, the 
simplest and most inexpensive device for indicating tlie rate of flow is the 
manometca’ in any of its forms. Total quantiti(\s are obtained by taking 
periodic readings, averaging, and multiplying by the total time. The 
differemcc of head, and hence the rate of flow, may also Ih‘ transmitted to 
indicating and recording points by the disi)]acement< oF floats resting upon 
the surface of the liquid in the manometer. For recording total quanti- 
ties the time element must be ijitroduced. The l)asic principle of the 
totalizing or integrating mechanism is illustrated in Fig. ()2(). 

Among the well-known dynainic meters used in power jdaiits for meas- 
uring the flow of fluids in pi])es, may be mentioned the Builders' Iron 
Foundry Company's Venturi; the Republic Flow " (R.F.M.), (leneral 
Electric" (G-E), Cochrane,” and “ Jiailoy,” involving the use of orifices, 
flow nozzles, or Pitot tubes; the Jlyperbo-Electric," cmj)loying the 
hypcirbolic elbow; the ^\St. John’s," utilizing an orifice and plug; and the 

Simplex," which has a Pitot tube for its primary (dement. 

For satisfactory operation, tla^ j)rimarv elements of all meters of the 
dynamic class should have a straight run of j)ip(^ a[)pr(x\iniately 20 diam- 
eters in length ahead of theiii, and the water should ))e (‘omparatively free 
from dirt or scale which may jJug up the various opcuiings or cause cor- 
rosion of the nozzles or tulx^s. Violent fluctuations and pulsating flows 
also affect the accuracy of tiie read- 



ings. 

The Venturi tube (consist s of atiil)e 
of circular cross section, shapcal as 

shown in Fig. 025. Starting at the ... , 

upstream flange, there is first a, short 

cylindrical piston, machined inside, which is substantially a continuation 
of the pipe line. In this piston several small holes hvid into a piezometer 
ring, so that a connection may be made for measuring the static pressure 
before it enters the construction. An entrance cone of about 21 deg. 
total angle connects the short straight section with a short cylindrical 
throat. The latter is machined and ])rovi(l(Hl with side holes leading to a 
piezometer ring for measuring the static pressure at this point. The end 
of the throat leads into the exit cone or diffuser, which has a total angle 
of about 5 to 7 deg. This terminates in the downstream flange for con- 
necting the Venturi to the following pipe line. Venturi tubes under 2 in. 
in diameter are usually made entirely of bronze and finished inside through- 
out the entire length, while the larger sizes are generally of (iast iron with 
the throat and the straight entrance lined with bronze and machined to a 
smooth finish. 



822 


STEAM POWER PLANT ENGINEERING 


The so-called theoretical equation of the Venturi meter for the flow 
of water is 

Q = M V^h (283) 

in which 

Q — rate of clischarRO, cii. ft. per sec., 

g = acceleration of gravity = 32.2 approx, for averafzje purposes, 

h = difference in head between the static i)ressure at the two piezometer 
connections, ft. of water, 

M = — 1)^, wh(;r(*, A = area of the entrance section at the up- 

stream pressure connection, sq. ft., and r = ratio of entrance|to 
throat diameter. M is therefore a constant for a given size 
and design of nuder. 

The actual rate of discharge may be obtained from (‘(piation (283) 
multiplying tlu‘ calculated results by a coefficient which varies witlj 
the throat speed, diameter of the pipe, viscosity of the fluid, and othef 

fa,(*tors. Ill practice the 
numeri(‘al value of C is 
d(d(Tmined from experi- 
mental tivsts. The com- 
nier(‘ial type of Venturi for 
measuring the flow of water, 
has a (coefficient of 0.96 or 
over for all rates of flow 
within its designated range 
of capacity. 

Figure 629 shows the in- 
terior of the registering 
iiKHdiaiiism for indicating, 
recording, and totalizing 
the rate of flow. Two 
small tubes connected with 
the inlet and throat of the 
tube transmit the difference of pressure at these points to the meter or 
registering device. At the back of the register these pipes enter two large 
vertical wells, connected at the bottom by a small pipe, one well being 
subjected to the inlet pressure and the other to the throat pressure of the 
tube. In each well is a heavy metal float resting upon mercury, which 
flows from one well to the other in direct proportion to the difference of the 
two pressures, causing one float to rise as the other descends, the move- 
ment being transferred through rack and spur gearing to the indicator 
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Fig. 626. Interior of Register Mechanism. 
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dial and shaft. A cam on this shaft controls tlio position of the pen on 
the chart and also the degn'C of movement of tlu* counter dial figures. 
The operation of the registering mechanism is illustrated in Fig. 626. 

Venturi Meter: Report of A.8 M Spc'cial Research Cominitlee on Fluid Meters, 
1922; Trans. A.S.C.IO., Vol. 17, p. ‘i.TJ; Trans. Inst. (M'., \'()I 199, 1914-15, Part 1; 
Proc. Roy. Soc., Vol. AS3, 1910, p. 3(U>; Power, Jan. 23, 1912, p. 102. 



Figure 627 shows the principles of operation of the “ Simplex ” Pitot 
meter with recorder attachment. A unique feature of this meter is the 
Ledoux bell, the use of which permits the direct indication or recording 
of the velocity or velocity head. When equal pressures are delivered 
from the two connections of the Pitot tube, the bell, under the influence 
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of its counterweight and its weight of water, stands in the mercury at the 
lower level of the curved interior. Wlicn subjected to a differential pres- 
sure, it moves downwards, displacing an amount of mercairy equal to that 
which is lifted upward into tli(' float, until equilil)riuin has been established. 
The downward motion is proportif)nal to tlie square root of the mercury 
displacenuait, and, siiuie the latter is proportional to the square of the veloc- 
ity, it is evi(l(;nt that the movement of the float is directly proportional to 
the velocity or rate of flow. 

For a (lestTijitiori of commercial iiK'tcrs involving the use of orifices, 
flow Tiozzles, and hyperbolic* elbows, see paragraph 3V2. 

The appropriations of the great majority of small steam power plants 
do not permit of the' installation of tank meders, Wnturi meters, or other 
forms of commercinl appliances for measuring the weight of water fed\to 
the boilers. For use in such c^asc^s, an inex[)ensive and fairly accurate 



indicating meter may be constriKited of ordinary i)ip(*. fittings, as illus- 
trated in Fig. ()2S. A thin metal diaphragm with cinailar orifice is in- 
serted on the j)ressure side of the feed pump, and the pressure drop across 
the orifice is nu^asured by an inclined mercury manometer. The height 
of mercury h is an indication of the rate of flow. Ry calibrating the 
manometer against tank measurements, th(^ readings of the mc^rcury 
column may be graduated to read directly in lb. per hr. If means of 
calibration are not available, the weight of discharge may be approxi- 
mated from the formula 

TF = 1120 a Vhd, (284) 

in which 

W = weight flowing, lb. per hr., 
a = area of the orifice, sq. in.. 
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h = vertical height of lucn^iiry coluiim, in., 
d = density of the water, Ih. per cii. ft. 

For a fairly contiiuioiis flow and pressure drop corresponding to 3 in. 
of mercury or more, this simple device gives results agreeing within 4 
per cent of tank weighls; hut for widely fluctuating How and small pres- 
sure drops th(^ error may he consideraldy mc^re. 

340. Weir Moasureinents. — For measuring tlu' flow of streams or of 
large quant iti('s of walcT in oj)en conduits, tlu' weir off (as an accurate 
mc^ans of determining the rai(' of flow. For liigh lu\ids, such as may be 
found in the nuaisiirement of larg(' stivams, th(‘ rectangular not(‘h is com- 
monly used; l)ul wher(‘ th(‘ li(*ads are comparatively low, as in most 
power plant service', the triangular notch is th(‘ more reliable. In the 
weir meter the an'a of tlu^ stiram and the' hea,d are variable, Init not 
independently. The variable' are^a bears a. elefinile relation to the velocity 
and is indicate'el ])y the' he'ight of the h've'i of the liepiid measured over a 
horizontal ])laiie at the base. Vor the ordinary ree'tangular notch with 
two contractions, anel heads ranging from 3 in. to 2 ft., it has Ix^cn found 
by (experiment that 

Q = 3.33(6 - 0.2 h)¥ (285) 

in which 

Q = cu. ft. per sec., 

h = length of the' weir, ft., 

h = height of lie(uiel passing over the waeir, ft. 

For the triangular note-li with OO-ek'g. angle, the rate of flow is 

Q = 0.305 ¥ (285a) 

Weir meters are also used extensively for tlie mc*asurement- of feedwater, 
condensate, and blow-off discharge. Among the popular designs may be 
mentioned the L('a, \'-notch, (dchrane, Hopp(^s, Bailey, and Webster. 

Figure 029 shows th(' g('neral principles of the Yarnall-Waring Company's 
Lea V-notch recording li(piid iiuder. The head of water flowing over 
the notch is measured by means of a float op('ratirig in a still-water chamber 
out of the path of flow. Movement of the float is transmitted to the 
indicating and recording apparatus through the agency of a small spindle. 
The upper end of the spindle indicates on a graduated scale the depth of 
water over the weir. The movement of the spindle is also transmitted 
through a gear to a rotating drum. This drum is grooved so that a 
slider bar engaging the groove actuates a recording pen in direct propor- 
tion to the rate of flow. An integrating or totalizing mechanism may be 
readily attached to the slider bar. Variations in density due to temper- 
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ature are automatically compensated for by the float, since the depth 
of immersion increases as the density decreases and vice versa. Lea 
V-notch meters are available in a number of sizes and designs, with unit 
capacities up to a maximum of 1,000,000 lb. per hr., and readings when 
carefully calibrated are guaranteed to be accurate within 11/2 per cent 
of actual tank weight. 

Weir Meters: Power, Mmv 1, 1917, ]). 582; Trjiii.s. Ni'b. Snc. Engrs., Vol. 1, No. 1; 
Eng. News, 1914, Vol. 2, p. 277; Proc. Am. Water Wks. As^’u, 1912; Mech. Engrg., 
Feb., 1920, p. 83. 



341. Steam Measurements. — The (piantity of steam passing into any 
system may be determined (1) by collec’ting and weighing the condensate 
at intervals or by piissing it through suitable liquid mc'ters, and (2) by 
measuring the rate of flow of the steam itself in i)i])e lines. The first 
necessitates the use of surface condensers, unless condensation is effected 
in the system itself, and consequently has a limited field of application. 
Any suitable type of water meter may be used for measuring condensate. 
In large central stations condensation meters of the V-notch type are 
frequently incorporated in the hoi well chamber of the surface condensers. 

343. Flow Meters. — Any of the inferential types of fluid meters out- 
lined in paragraph 336, with the exception of the V-notch class, may 
be arranged to measure the flow of steam in pipes, but the most successful 
commercial devices are of the dynamic ” and area class. 

The weight of fluid flowing through an opening may be calculated by 
the equation 

W = AyV (286) 
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in which 

W = weight, lb. per sec., 

A = cross-sectional area, sq. ft., 

2 / = density of the fluid, lb. per cu. ft., 

V = velocity of flow, ft. per s('(;. 

All steam meters for indicating or recording the weight of steam flowing 
through a pipe arc based upon the law expressed in ecpiations (282) and 
(286). Thus, for steam of constant density, the opening through which 
it flows may be made constant and the variation in velocity will be an 
indication of the rate of discharge (^' dynamic class); or the velocity 
may be held constant and a variation in the amount of opening will be an 
indication of the weight discharged (‘' area (ilass). Unfortunately, the 
density of steam is seldom constant under (Commercial conditions, and 
herein lies the inherent defect of all steam meters which depend for their 
operation upon a variation in the area of efflux or a variation in velocity. 
The density of steam is a function of its pressure and quality, and any 
variation in either will affect the weight of discharge as determined from 
equation (286). Pressurcc and temi)erature variations may be automatic- 
ally comi)ensated for, but (‘orrections for quality must be made in each 
specific case. 

The averagee high-grade steam meter is a reliable and acecurate means 
of measuring the flow of steam in straight lengths of pipes, provided the 
quantity flowing is within the limits specified by the manufacturer, the 
flow is continuous, th(‘ change in the rate of flow is gradual, and the pres- 
sure and quality an' practically constant. Uor low capacity, interrupted, 
or intermittent flow and for sudden variations in pressure or (quality, the 
results are not so reliable and may be in error. The accuracy of all meters, 
provided they hav(‘ l)(C('n correctly calibrated and adjusted, depends 
largely ui3on the degr(!(' of refinement in reading the indicators and in 
int(igratiiig the charts. The commercial failure of many steam meters 
is due to the fact that they are not cared for or operated in strict accord- 
ance with the princi[)les of design. 

Republic Flow Meters. — These meters are of the dynamic class, in 
which the primary ekanent is a Pitot tube or orifice, and the secondary 
element a mercury manometer actuating an electric current. The differ- 
ential pressure produced by the primary device is not used as a motive 
force for the operation of the mechanism. Its action is that of an electrical 
manometer. The indications of flow may be obtained on standard elec- 
trical switchboard instruments (fixed or portable type), having a high 
degree of instrumental precision. 

The use of this electrical method of measurement eliminates all cams, 
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floats, levers, gears, and stuffing boxes, removing several of the elements 
which lead to instrumental errors and derangement in other types. A 
further feature is the freedom of repetition of meteor stations, obtained 
by wiring additional meter eircaiits under conditions that would preclude 
the use of devices in which hydraulic; pressure is transinittod from the 
primary to the secondary device. In other words, there is no reasonable 
limit to the distance at which the se(*ondary device can be located from 
the primary. 

The fundamental principles are shown diagramniiitically in Fig. 630. 
The meter body, or U-tube, is partly filled with mercury, and is made to 
balance the dynamic; prc\ssure of the flow iii the ]jipc; by c‘c)rresi)onding 

rise of mercury in the lc)w-i)ressure sijie 

E l of the tube. The mercury column forihs 

’/rrtt/ Trvrr.r i j ■ ■ n..ii rr z a pai. of the (‘lectric circuit, as illus- 

11 , tratecl. The elec'tric c*irc*uit contains a 

jy ill jlJlp fixed c'xtc'rnal resistanc‘e R\ in series 

j: with a vajiable internal resistance /? 2 , 

\ , I I j ||i 1 * 1,11 electromotive force A', a conductance 

\ " indic‘ator A, and a conductance in- 

'I — tvgrator IF. In the c*ontact chamber 

" '! . u (\ whic*h forms the low-pressure side 

of the U-tube, there are a number of 
Fig. 030. Prinrijjle of the Uepublic; , , p . i ai i i 

Flow Mc'ter conductors ol varying lengths pla(;cd 

above the mercury column, and as the 
mercury rises it makes a contact with one c;onductor after anothcir. The 
variable resistance lii is subdividcnl by th(\se conductors into rc\sistance steps 
corrcsixmding to the* varying lengths of the conductors, so that the rise 
and fall of the mercury (;olumn varies the amount of resistance and the 
corresponding amount of electric conductance in tin; (‘ircuit. The read- 
ings of the electrical instruments are controlled solely by the variation 
in height of the mercury 

column and are independent ( ft ^ iieHorvoi™ 

of the electromotive force i I I 

impressed on the circuit 0 § § ] ^ Tub.H.iJer & 

or of the current actually ^ >^nMEtioM.torB.ar 

passing through the instru- gg, Pitot Tube. (Republic Flow Meter.) 

ments. 


PriiK‘i]>lc of the Uepublic 
Flow M(;t-er. 


Figure 631 shows the general assembly of the Pitot tube, which con- 
sist of two brass tubes with beveled edges, one facing the flow and the 
other facing the opposite direction, connected to corresponding reservoirs 
or condensers through a common tube holder. Pitot tubes are used in 
situations where the minimum flow in the pipe is sufficient to make a 
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- ’* 1 *^ 

Orifice rhitc. 


Mct«*r Body 


(Republic Flow ]M(*tc‘r.) 
fz;ivon raio of flow l)y cluingiiip; Ibo size of 


perceptible difference in pres.^ure, and where the niaxiniuiu flow does not 
exceed the range of the mercury column in the meter body. 

The orifice plate consists of a monel metal disc with a circular opening 
in the center. The disc is inserted between two flanges in the line and 
produces a contracted ai*ea 

in the stream of the flow, c.nji eonierm^po 

.... ' rin Qaskt't 

which m turn c*reates the 
necessary pressure diffc'nuico 
for actuating the uu'rcury 
column. The orifice has 
advantage over the i^itot 
tube in that the ])i’essur(i 
difference may be varied 
within certain limits for a 
circular ojieniiig. 

Figure ()33 shows a section llirough the meter body of the Republic 
Flow ’’ meter, whic*h, as will b(‘ seen from the illustration, consists of a 

mercury chamber, a sealing device, and 
an infernal resistance element. 

(fcncral Electric Flow Meiers. — The 
jiriniary eUaiuMit in the “ G-E line 
of meters is (‘itiier an orifice tube, flow 
nozzle or Pitot tube, and the secondary 
element consists of a sfiecially designed 
U-tub(^ mercury manometer in which 
the variations in mercury level are 
magiH'tically transmitted to the indica- 
ting and recording mechanism. Orifice 
tubes are usc'd only for j)ipes under 2 
in. in diameter; flow nozzles for pipes 
2 in. or mon' in diaiiK'ter if the maxi- 
mum flow is too low to be acaairately 
measur(‘d with Pitot tube and in cases 
where the steam carries boiler com- 
pound or foreign matter; and Pitot 
tubes where it is not (convenient to 
use flow nozzles. 

b'igunc 035 shows the loccation of 
the flow nozzle with reference to the 
pressure attachments, the distances A and B varying with the internal 
diameter of the pipe. Figure 636 shows thcc gencTal appearance of the 
orifice tube and Fig. 637 that of the Pitot tube or nozzle plug. Referring 



Fig. 633. 


Meter Hody. 
Flow Meter.) 


(Republic 
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to Fik 637 TT are the static openings or “ trailing set” ant! 
dynamic oji^nings or “ leading set.” The plug is screwed into 



Fig. 634. Typical Arrangement of Republic I'low Meter in a Six-unit 
Boiler Plant. 



Fig. 635. Typical Flow-noz- Fig. 636. One-and-one-haK-inch Orifice Tube, 

zle Installation. (G-E (G-I] Meter.) 

Meter.) 


with the leiiding; set directly facing; the current , and connections to the 
manometer are madtj through openings T and L. 

The secondary elements of the mechanit^ally operated device consist of 




a plain indicating mercury 
manometer graduated in 
inches where a portable 
testing device is desired, 
and a stationary dial-indi- 
cator, a combined indica- 



Fig. 637. Nozzle Plug. 


(G-E Meter.) 


ting and recording, or a 
combined indicating-record- 
ing-integrating device for 


permanent installation. The general principles of the secondary element 
of the stationary indicator mechanism are shown in Fig. 638. A small 



TESTING AND MEASURING APPARATUS 


831 


float resting on the top of the mercury in one leg of the IJ-tube is 
attached to a rack which engages a pinion mounted on a shaft. The shaft 
on whi(;h the pinion is mounted carries a small horseshoe magnet with its 
pole faces near and parallcil to the inside of a co])per plug fastened to the 
body of the meter. A small magnet is mounted on piva)t bearings in such 
a manner that its i)oles are n(‘ar and 
parallel to the outside siirlace of the 
copper plug, and its axis of rotation 
in line with the shaft carrying the 
magnet inside the case. The indica- 
ting needle is attached directly to 
this magnet. By means of the rack 
and pinion, the i)ulley carrying tlu' 
magnet inside the body is rotated in 
proportion to the change of lev(‘I of 
the mercury. Any motion of this 
magnet is transmitted magnetically 
to the outside magnet carrying tlu' 
indicating needl(\ 

In the (J-E mechanically oi)erated 
indicating recorder, the dial is a, cir- 
cular chart revolved by a. spring- 
driven or synchronous-motor electric 
clock, and the positions of the indi- 
cator are recorded as a continuous line 
on the chart. Since the deflection of 
the indicating ikhhIIc varies directly 
with the height of the mercury 
column and the latter varies with the 
square of the velocity, it is evident 

that the ordinat(\s of the chart do (^3^ Motor Body. (G-E 

not vary directly with the velocity; Tvi)o F-12.) 

therefon^, in integrating the chart for 

calculating total fl(jw, a si)ecial type of radial planimeter is required. 

The meter body of the mechanically operated iridicating-recording- 
integrating instrument differs from the others previously described in 
that the rack is of circular construction and the magnets are semi-circular 
in shape. The integrating mechanism consists of a cam mounted on the 
same shaft and turning through the same angle as the indi(;ating pointer. 
This cam limits the upward movement of an oscillating arm in i)roportion 
to the rate of flow. The arm is oscillated back and forth once every 
minute by a small clock-operated heart-shai^ed cam. A ratchet mechan- 
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ism at the, pivot of the arm revolves the registering glass, and dials an 
amount j)roportional to the displacement of the arm. The ratchet is 
arranged so that only the upward movement of the arm actuates the 
p:c‘ars. 

()80 a cliagrainmalic view of a (i-E electrically operated 

flow meter. 'Fhe primary device coiiHisls of the same desi^:n of orifice 
t,ul)e or flow nozzle as for the mechanically operated instrument. The 
srcojidnrv drvicr consist!^ of n ensi-iron meter body and is essentially a 
mercury manometer in which the base, or mercury well, forms one lefr 



and the smaller chamlu'r, in which a transformca* is inserted, the other. 
The base, or lar^e leji;, of the U-tube is connected to the upstream side of 
the flow nozzle, and the small, or transformer lep;, to th(‘ downstieam side. 

On the outside of the meter body is mounted a, small transformer the 
function of which is to reduce the voltap,(‘ ai)i)lied to the internal trans- 
former in the meter body as well as to act as an insulatinp; transformer. 
One hundred and eip;ht volts, held constant by th(', voltap;e rep;ulator, is 
applied to the i^rimary of this transformer, while the secondary voltage 
applied to the primaiy coil of the transformer in tlu^ im^ter body is less 
than 5 volts. 

In series with the primary of the outside transformer are the adjustable 
line resistance, voltage regulator resistance, and electrical measuring 
instruments. 
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When there is no flow of gas or fluid through the main pipe, the electrical 
instruments indi(!ato the excitation current and the zero readings on the 
instruments and meters are sup[)ressed, so that zero flow corresponds 
to this excitation current. When the gas or fluid flows through the pipe 
there will be a diffenuitial pressure produced b}' ilu^ flow nozzle, which 
causes the mercury in the nutter body to rise in the transformer leg and 
fall in the base' until the unbidanced column balances the differential 


llrll \Vi ight 

i> 


pressure. 

As this iiKU’ciiry ring rises around the jirimary coil of the internal trans- 
former, more and more ciirnuit is induced in it. This curnnit must be 
supplied through tiie ])riiiiarv circuit, the action being similar to pouring 
mercury in the fiber cup as previously described. 

Tf properly calibrated, th(‘ elect ric.al instruments will accurately measure 
the height of mercury in the 

p p 

small leg of the I '-tube contain- ri A 

ing th(‘ ijiternal transformer, U ii rr^ 

, . : Pre.HUToTiBht m. jruji . jr n ... jn L 

which height is a iiinction of I 

th(^ flow of gas or fluid in the ' 

pip‘- 

Bailey Fluid Meter — Figure ^ 

040 shows a section through \\l \ ' . I 

the meter body of a, lhiil(‘y Mi 1 ^Mercury 

fluid meter, the ])rimary element | ' neservoir 

of which is of the thin-plate ; j 1 1 j ! [ ^ .^Beii weight 

orifice type, and the secondary i 111 U 

element a mercury manoimder i ; || 1- owing 

actuating a ‘MuT ” float. The j I 1 j 

higher jiressure is apjilied at Pi ^ 'HP-'”® ^ 

and the lower pn'ssun^ a(. P^, ^ 

through small tulx's or jiijies. vjT 

'J'he interior of the “bell cas- 

ing” is subjected to pressurv Sect im. through Meter Body of 

IK, and the intorior of tl... tnor- 

ciiry-sealed “ bell ” is subjected to the higher pressure P]. This difference 
in pressure piish(*s the bell upward, and, as it rises from the mercury, the 
change in the buoyant action of the mercury on the walls of the bell 
balances the force due to the pressure difference',. The shape of the beU 
and thickness of wall and weight arc d(*signcd so that th(‘, lift is directly 
proportional to the rate of flow through the orifice. This gives a direct- 
reading chart with uniform graduations and simplifies the design of the 


-^Mercury 

lleservolr 


Bell Cuing 


Ily-pOBB 

()40. through Meter Body of 

ri Bailc'v Fluid Meter. 


integrating mechanism. The princiijles of the totalizer are shown in Fig. 
641. P is a small friction wheel mounted on a shaft (the position of which 
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is controlled by the displacement of the bell) and pressing against the 
surface of a clock-driven friction disc F. The rotations of R are trans- 
mitted through suitable gearing to the registering dials D. When there 

is no flow the friction wheel 


is at the center of the disc 
and is at rest. As soon as 
a flow begins, the displace- 
ment of the bell moves the 
gear away from the center 
and its speed of rotation is 
Fig. 641. Totalizinj^ Mechanism. (Bailey Meter.) increased directly in pro- 

portioTi to the distancje. 
Since the movement of the support carrying gear R is directly propor- 
tional to the rate of flow, it follows that the nuinl)er of revolutions 
a direct measure of the totjil quantity for the time (dement involved. \ 



Cochrane Meier. — Figure ()42 
gives a diagrammatic outline of 
the principles involved in the 
Cochrane flow meter. The 
primary element is a thin, 
sharp-edged orifice which (;an 
be installed inside the bolts be- 
tween the flanges in the [)ipe 
line. The pressure difference is 
transmitted through suitable 
piping to the secondary ele- 
ment, which is essentially a 
U-tube mercury manometer 
mounted on knife edges. When 
there is no flow, the mercury in 
both legs of the manometer is 
at the same height and the sys- 
tem is in (Mpiilibrium. As soon 
as there is a flow, the mercury 
rises in one leg and falls in the 
other, causing the manometer 
to tilt in the direction of the 
greater weight. This motion 
is transmitted to the indicating 
dial or recording pen. The 



tilting is resisted by a cam attached to the U-tube beam and bearing 
against a flat metallic strap. The cam is so shaped that the tilting is 
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directly proportional to the rate of flow and permits the use of direct- 
reading charts with uniform graduations. The entire secondary element 
is housed in a casing 21 in. in diameter by 8 in. deep. This instrument 
is made to indicate and record, but no integrating attachment is provided. 
Corrections for change in density arc made by applying “ correction 
factors ” to the chart readings. 

Hyberho- Electric Flow Mder. — In this type) of dynamic' flow meter, the 
pressure difference is effected by a siKH'.ially shaped elbow having a rec- 
tangular hyperbolic section, preceded by an approach bell and straighten- 
ing grids. The maiiufactuiers claim that a stream-line flow is produced 
by the grids and elbow and the relation between pressure and centrifugal 
force is fixed; and because of the dependence of centrifugal force upon 
velocity, the relation between pressure and velocity is also fixed. The 
secondary clement is a mercury manometer in 
which the variations in level of the mercury 
arc transmitted elc'ctrically to the indicating, 
recording, and integrating devices. By means 
of a Wheatstone bridge and a. relay mechanism, 
the measurements of flow are indicated, r(‘cord('d, 
and totalized through the agency of suitable 
electrical instruments. C'oime(^tions for pres- 
sure and temperature (if the steam is super- 
heated) are automatically coni])cnsated for by 
variations in the resistance's of the bridge. 

St. John^s Meter. — figure 043 represents a 
section through a 8t. John's steam meter, illus- 
trating a well-known design of area meter of 
the ‘^orifice and plug" type. This meter was 

placed on the market al)out the year 1905 and , , , , ,, 

„ 1 1 . -.i - Tx 1 I'HJ. 043. ht. John s hteam 

still finds favor with many engineers. It records Meter 

the weight of steam passing through the seat 

of an automatic lifting valve which rises and falls as the demand for 
steam increases or diminishes. 

Referring to the illustration, valve V is weighted so that a pressure in 
space A 2 lb. greater than that in B is necessary to raise the valve off its 
seat. This pressure difference is constant for all positions of the valve. 
The plug is tapered so that the ris(i of the steam pressure is directly pro- 
portional to the volume of steam flowing through the seat. The move- 
ment of the valve is transmitted through suitable levers to an indicating 
dial and a recording {leii, so that the instantaneous and continuous rate 
of flow may b(i read at a glance. For a given pressure and quality of 
steam, the indicating dial and chart may be calibrated to read the weight 
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Ficj. ()44. Prin(*ii)I(*s 
of the Bourdon J’rcis- 
3ure Gaj^e. 


of discharge directly, corrections being made for variations in pressure and 
quality. The nianufacturers guarantee the readings of the chart to be with- 
in 2 per cent of condenser nieasurenients for a total pressure range of 101b. 
from the mean pressure at which the (;hart is calibrated. The chief draw- 
back to this instrument is inluTcnt in all meters of the. direct type in that 
they are bulky and the stt'aiii line must l)e taken down for the installation. 

343. Pressure and Draft Gaffes. — The Bourdon type' of gage, either 
indicating, l'"ig. 044, or n'cordiiig, is tlie. most fajniliar and satisfactory 
means of measuring pressure's up to 1500 
II). j)('r sej. in. e)r more, althenigh a number 
of sueK;(‘Ssfiil higli-i)ressure gagers are 
ae tuatod by eliaphragins. The Bourdon 
type is alse) available fe)r iiieasuring very 
low ])ressure's anel vae'ua, but tlu' nie^rciirial 
va,ciiinn gage has the aelvantage' of gre^ater 
accuracy and is ne)t subje'e't to derange- 
1 nent. High-pressure gage's of the Bourdon, 
diaphragm, or spring type', shoulel be 
frveiiienlly stanelare li/eel since the'y arc 
subject to eTre)r through use. 

For furnace draft and e)the‘r le)w-pre'ssure measurements, 
there are a nunibe*r of succe'ssfiil instrumemts e)n the market 
which depenel for the'ir actie)n uiK)n gravity, syl])he)n bellows, 
weighted diaj)hragms, and floats. The^ simple^st and most 
inexpensive tyjM' of inelie‘,ating elewie'c for le)w pressure's or 
low-pressure diOerentials is se)nie form of liejuid manometer. 

These manometers are available in a wide range' of sizes and 
designs, from a plain vertical U-tube, Fig. 645, up to an instru- 
ment 30 in. in length and reaeling diree'tly to l/lO-in. ine^es 
ments, anel to inediiuMl gage;s, Fig. 046, giving total pre'ssures 

e)f 1/2 in. e)f water anel graduated 
te) reael to O.Ol-in. increments. Mer- 
e'ury, water, anel oil are the liquids 
usually employed. The sensitiveness 
of these liepiids to pressure changes 
arc as folle)ws (tc'injxirature of liquid 62 
deg. fahr.) : mere ary 1, elistilled water 
13.(), 120-deg. water-white kerosene 17. 
The height of a vertical column of these 
liquids (temperature 62 deg. fahr.) which will balan(;e a pressure of 1 lb. 
per sq. in. is as follows: mercury 2.04 in.; water 2.31 ft.; kerosene 2.88 ft. 
By means of a suitable float, pen arm, and revolving clock, the U-tube 


Fig. 645. 
Pliii nil-tube 
M Milometer. 


1 S- 



Fig. 646. Ellison Differential 
Draft Gage. 
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Fig. G47. 
UchliiiK He- 

(•orfliiiRVac- 
uiiin Giige. 


manometer may l)c desisncd for recording; pnr})()ses as in Fig;. 047. The 
differential r(‘iiding;s may also ])e nuillij)lied ])y nu'ans of suita}>le linkage, 
as for example, in the CUnaMal Klectric steam meter, t'ig;. (iliS. 

For very low pressure differences a compound licpiid gage, 
such as the Wahlen, is sometimes used, but this is more 
of a laboratory than a i)ower plant instrument. 

The sylphon bellows offers a, scMisitive and rc'liable means 
of indicating and recording small jm'ssiire differences, and 
dispenses entirely with the use of licpiids. The Precision ” 

line of dral't gages, h'ig. (MS, are 
based ui)on tliis principle and are 
constructed in single and multii)le 
units, indicating and re(‘ording. 

Figure (MO illust rates the gtaieral 
I)rincipl(‘s of the Bajl(\v recording 
draft gage, whicii is of the bell-float 
type. Two bells A a,nd an^ sus- 
pended from oi)])osite ends of a 
beam (which is pivoted on knif('- 
edg(‘ bearings) and an', partly submerged in a 
light non-volat ile oil as indicated. In measuring 
pressur(‘s less than atmosj)heric, connection is 
made at and J^\ is 
left open to the atmos- 
phere. For pressures 
a])ove atmosi)heric, con- 
n(a*tion is made at 
and J\ is left open, 
h'or measuring the dif- 
f(‘r(aic(' of two i)r(‘ssures, 
the higher jnessure is 
applied at Pi ami the lower at Pn. If a slight suc- 
tion pressure is applied at Pij it is(*ffectiveover the 
inside area of bell A and pulls it down into the 
liquid. The relative motion between bells A and 
B is transmitted througlj h'vans L and p(‘n arm 
P to the recorder i)en. This instrument may l)e 
designed to record prc'.ssures or pressure differences 
as low as 0.001 in. of water, though such low-pressure differential readings 
are subject to serious error because of the many influemang factors. 


Fj(; (VIS T’roci.sjon “3 ill 1 
ladicalmg Draft (laf>;(‘. 



Fki. 649. Bailey Record- 
ing Draft Gage. 


Measuring High Pressure with Dead Weight. Power, T'eV). 2(), lOKV 

Combined Barometer ami Vacuum Recorder: Power Plant Engrg., Feh. 15, 1923, p. 260. 
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344. Temperature MeasurementB. — The various types of thermom- 
eters and pyrometers which are available for measuring temperatures are 
outlined in Table 107. The temperature ranges given are the extremes 
for which the various types have been c-onstructed, and while certain 
types are capable of measuring th(; entire range they are not necessarily 
suitable for all purposes. 

The engraved or elched-stem mercurial thermometer is commonly used 
for special testing or laboratory purposes where the temperatures do not 
range beyond —35 to +000 deg. fahr. Only higli-grade nitrogen-filled 


instruments should be uscmI for t(Miiperatures over 
W 400 deg. fahr. On account of their fragile con- 

190 ^ I ~ struction and the difficulty of reading the scalje, 

\ 1 they are little used in power plants for permanent 

-I locations. The industrial type of glass therrnome> 

\ ter, Fig. 050, while not as sensitive as the bare\ 

^ bulb, is characterized by a heavy metal back and^ 
protecting tube for the bulb, large and distinct 
i 1 ' figures, and graduation marks, and threaded con- 

ilA nections for attaching the instrument readily and 

V / firmly to some part of the apparatus. The c^tched- 

g| , . stem and industrial type of glass thermometers are 

^ ^Couaection indicating only, and must be placed close to the 
HI point where the temperature is to be taken. The , 

If errors in measuring temperatures with this class of 

II thermometer are due, ordinarily, not so iriucdi to 

III inaccuracies of the instrument as to the location 

III and method of installation. 

jPI For indicating or recording purposes, the elec- 

t;> T j X ■ 1 rr. tncal, prcssurc, or bimetallic. tyi)e of instrument is 

Fig. 650. Industrial Type , i t i ■ i i i 

of Mercury - in - glass t'liiployGd. Instruments utilizing the electrical or 

Thermometer. pressure principle permit of distant reading, but 


Men'urj-lillud 

Bulb 


Bulb Cliumbur 


the bimetallic thermometer is the same as the 


mercurial glass instrument in this ri^spc^ct. 

The thermoelectric tlK^rmometer or pyrometer has come into wide use 
as a reliable means of measuring temperatures from 100 to 2900 deg. 
fahr. It consists essentially of three parts: (a) the thermocouple of two 
different metals or alloys having a fused end (the hot junction), which is 
inserted where the temperature is to be taken, and the cold junctions 
which are opposite to the hot junction and which are maintained at some 
fixed temperature; (b) the indicator, which is either a millivoltmeter, a 
potentiometer, or a special type of instrument embodying both of these 
principles; and (c) two lead wires, usually of copper, connecting the cold 
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junctions of the thermocouple with the irulicMtor. For obtaining con- 
tinuous temperature-time curves, a recorder, operatiuiz; on the same prin- 
ciples as the indicator, is used in place of the latter. In many cases, it is 


I'ABLE 107 

TYPES OF THEUMOMETEIIS IN GENERAL ITRE 


PrnuMpIo 

of Operation 

TyjH' 

Range in dog. fahr. 
for which they 
can be used 

Expansion 

. Those deiXMidiiiK on I In* 
change in volinne oi 
length of a hod.v witli 
temperature. 

(he 

Meiciiri , Jena glass, and 
mtioguii 

CJliiMS and ixitrol oilier 
rneqiud expansion of metal 
ro<ls 

- 400 to +2000 
~ .'1') to +050 

to +100 

0 to 050 

Transpiration and vis- 
cosity. 

Those depending on the 
How of gases llnougli 
cjipillary tube.s oi siiud! 
apertui es 

'riic 1 ohling ... 

0 to 2000 

Thermoelectric 

Those depending on the 
electromotive foici* di*- 
veloped by the difTor- 
ence in temporal nre of 
two similar therinoeleo- 
tne junctions opposed to 
one another. 

Chilvanoinetnc 

t 100 to +2900 

Electric resistance 

I'hose utilizing the in- 
crease in electric resist- 
ance of a wire witli 
temperature. 

Direct reading on indieator 
or budge and galvanomotoi 

-330 to +1300 

Radiation 

Optical 

. Those depending on the 
heat radiated by hot 
bodies. 

Those utdizing the 

change in the brighf- 
nes.s oi in the wave 
lougtli of the light 
omitted bv an incan- 
descent bodv. 

Thermocouple in focus of 

iinrioi 

Holomcler. 

JMiulotnel ric comparison 

I iicanilesccnl filament 

III telescope 

Nicol with (jiiai tz phite 
and anahzer. 

300 to 4000 

- 400 to Sun 

1 100 to Sun 

Calorimetric 

Those depending on the 
epei’ihe heat of a boilv 
raised to a high teiii- 
peratui c. 

Platimiiii ball with water 
vo.ssel. 

32 to 3000 

Fusion 

. Those depending on the 
unequal fusibility of 
various metals oi oailh- 
enware blocks of vaiicMl 
composition. 

Alloys of various (usibilitios 
(Seger cones.) 

32 to 3350 


desirable to install both instruments as illustrated in Fig. 651. The 
thermocouples most frequently used are composed of platinum and plati- 
num-rhodium (rare-metal) and chroimd-ijonstantan, coi)pcr-constantan, 
iron-constantan and chromel-alumel (base metals). The rare-metal 
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Fi(i. 051. lOlcinouts of a Typical Thcrriiooloctric 
J’vroinctcr. 


couples are suitable for temperatures up to 2900 dep;. fahr., chromel- 

alumel up to 1800 deg. fahr., 
iron-eonstantan up to 1650 
^ deg. fahr., and coi)per-con- 

jujXn j -HyrTSTSTi I' I stall tan up to 1400 deg. fahr. 

Kf yUU When the “hot junction’' of 

Thunno- I - ^Cold EucIh \ i i ^ i i 

couple |-^ j j the th(^nnoc()iipl(' is heated, 

, f n- ■ 1 rr. 1 i ■ ii-n (4ectroinotive force is set 
ri(i. 051. Idcinouts of a T vpical I hcmiooloctric ■ i ■ r • i 

Pyrometer. ^0^ which is a function ot tlie 

temperature difference be- 
tween its hot junction and its cold junction. TIk'- maximum e.m.f. de- 
veloped by most liaSe- i 

metal couples, wdien p, w””"" X 

operated at tlie liigh- ^ f y 

cst safe working tern- ^ \ ^ 

porature, is somewhat, ,,,,,, EnK-lhanl Ha,v-..K.tal TI„.r..K..-..uplc with 

less tlian 70 niilli- Proteelmg Tuhes. 

volts, and the plati- 
num and platinum-rhodium coujile develops an e.m.f. of about 16 millivolts. 


(fS) f-f 


Insulatlnif 'lubu ThcrinuulLiuont Wires 


Pkj 052. Engelhard HanMiietal Tlu'rnioeoiiplc with 
Proteelmg Tuhes. 



Fio. 053. Thermocouple 
with Cold-end Extension 
in (Circuit and Cold Junc- 
tion Buried in Ground. 


In order to measun* such small e.m.f. ’s, a very 
sensitive^ galvanomett'r is retpiired. Two types 
of instruments are used for this jiurpose, (1) the 
conventional milli voltmeter and (2) the poten- 
tiometer. Eoww(‘sistan(‘(‘ millivoltmeters are 
iiioHi rugged and cheaper than the high-resist- 
aiK^e instnimeiits, but are sut)ject to greater 
errors in (^asc of change in circuit resistance. 
The latter are pn’fernal where the leads are 
long and subj(H*t to considerable lem])erature 
variation. In (dther cast', the temperature at 
the “ cold junctions ” must be kept constant 
wht're accuracy is essential, otherwise the read- 
ings wall be in t'rror. This is due to the fact 
that the e.m.f. developed by a Iht'rmocouple 
(hrpends upon the temperature difterence be- 
tween its hot junction and cold junctions. 
Thus, for a constant hot-junction temperature, 
the e.m.f. will increase or decTease with decrease 
or increase in temperature of the c-old junction. 
(Corrections for variations in temperatures at the 
cold junctions may be made by use of compen- 


sating lead wires of practically the same material as the thermocouple, 
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Fk;. (>54. Siinplo Wiring' DiLigmin 
V )tonl ioiiicUt Iridic, iitor. 


terminating in a thermostatic cold-junction box or buried under-ground 
as shown in Fig. 653. 

The most accurate method for measuring tlu' e.m.f. of a thermocouple 
is hy use of a potentiometer, the fundamental principle of which is illus- 
trated in Fig. ()54, A constant current from the battiny B flows througli 
the slide-wire resistance abc. One 
wire of the couple T is coimect(‘d to 
the movable contact b and the oUkm 
wire in series with a srmsitivi^ gal- 
vanometer is connected to a. Tlu' 
contact b is moved imlil the gal- 
vanometer reads zero, tlius showing 
that no current is flowing tlirough 
the thermocouple cii(‘uit. Wlien 
this balan(!e of zero seating is made, 
the true e.m.f. of the couple is equal to the jKitential droj) across ab. 
The calibration of the* scale is in no way dejMmdent upon the constancy 
of rnagiK'ts, springs, j('W(‘l bearings, level of th(' instrument, or varia- 
tion due to ordinary changes in th(^ resistaiu'c of the coui)le or of the 
lead wires. The entire potentiometer, galvanom(‘ter, l)attery, standard 
cell, slide wires, etc., as couslru(‘ted, are mounted in a case not much 
larger than that, of a milli-voltmeter. Indicating i)otentiometcrs are 

gr(vit(‘r in cost than other types of in- 
struments used for this jnirpose, and 
usually KHiuire manual adjustment for 
(‘ach setting. In the recorders the 
adjustment, is automatic. 

Figure 655 shows a form of pressure 
thermoiiK^ter which is used extensively 
for indicating and recording tempera- 
tures ranging from — (K) to +1000 deg. 
fahr. It d(‘pends for its operation upon 
the pressure produced by a liquid or 
gas contained ni a small bulb and 
exposed to tluj teinpcTature to be 
iiK^asured. Tlu*, pressure is transmitted 
to the indicating or recording mech- 
anism through a flexible cai)illary tube. The indicating or recording 
element is ordinarily a pressure gage of the Bourdon-tube type, but 
diaphragm and liquid-manometer gages are also employed. The non- 
vaporizing liquid type is commercially limited to temperature ranges 
of —60 to +200 deg. fahr. with a length of connecting tubing not e^tceed- 





f;=3 

lU- J 


: HuHi ^ 


rorcelaln llulb 


Fig. 655. Typical Press uro-type* Ther- 
mometer with Recordia- 
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inp; 25 ft. The va])oriziiip: luiuid type is intended for temperatures ranging 
from +50 to +100 deg. falir. with tuidng lengths up to 300 ft. The 
gas-filled iypo is intendcvl for t(‘mperatnres ranging from +120 to +1000 
deg. fahr. with tid)ing lengths up to 500 ft. 

Th(‘ resistance which Jiiost metals offer to th(^ passage of an electric 
current through them varies with the temperature, a wire of given di- 
mensions having a higher resistance when hoi than when cold. By 
measuring the r(‘sistanc(‘ of a (‘oil of wire, an indication may he had of 
its temperature or that of the substance in which it is placed. The instru- 
nuaits used tor nu'asuring the r(\sisf.an(*,e consist, essentially of a Wheat- 
stone bridge and a galvanomcdor. Th(\se instruments are either indicating 
or recording. Electric-resistance t hermonuders are suitable for accurately 
measuring temj)erat,urcs from —330 to +1300 d(‘g. fahr. and have\ the 
advantage over thermocoui)l('s in that any number of thermonnder bulbs 
may be connectcal to an indicator by using a corresponding numbei^^ of 
switches, and tlu* scal(‘ of the instrument ma,y Ix^ calibrated to coVer 
any part (jf the total tcMiipc'rature range of the system. The distance 
between the thermomeb'r bulbs and instruments may be as muc^h as 
several hundreal feet, provided there is little tomi)erature variation in 
the leads. 

For higher tc'upx'ratures and for obtaining the temperatures of inclosed 
spaces above about, 2500 deg. fahr., su(‘,h as boiler furna(‘os, annealing 

ovems, and kilns, various forms 
of optical and radiation py- 
rometers have been devised. 
Iti such (^levices no part of the 
instrument is exposed to the 
temperature to be measured 
and h(Mic(i the apparatus suf- 
fers no injury from this cause. 
()])tical i)yrom(‘ters are based 
upon the measurement of the 
brightness of the hot body by 
comparison with a standard. 
The L(mm1s and Northrop o])t ical pynmicder is shown in Fig. 050. The fila- 
ment of a small electric lamj), F, is placcal at th(‘ fo(‘al point of an objective 
L and ocular ”, or eyt* piece. The assembly forms an ordinary telescope, 
which superposes upon tlu' lamp the image of the sources viewed. Red 
glass is mounted at the ocular to produce ai)i)roximately monochromatic 
light. In making a setting, current through the lamp is adjusted by 
means of a rheostat until the tip or some definite part of the filament is of 
the same brightness as the source viewed. The relation between current 



Fuj. e/Sf). Leeds and Northriip Optical 
I’vroinctcr. 






TESTING AND MEASURING Al'PARATUS 


843 


Rcricrliu^ iLA 


through the lamp and t(‘inj>eraturc is cither calculated or read from a 
table furnished by the manufacturers. 

Other popular makes of optical jiyrometcrs arc tlu' “ Wanner/’ Shore 
Pyroscope/’ '' Scinuitco/’ F and F,” and “ IIolboni-Kurlbaun.” 

Radiation pyrometers depend upon the measurement of the heat 
radiated from the hot body. Tlie Fery radiation pyronu'ter, t"ig. (if)?, is 
the best-known instrument of this type. AVIien it is focused uiion the 
source of heat, a (;one ^ ^ , 

’ ^To Cialvanoiiietf r 

of rays of definite 

1 '• Ilerierliin; ^ 

angle is reflected by ‘""y Eiedrod..^ 

means of the mirror f 

upon a thermocouple If ~~Z~ I // ^ 

located in its focais. 0 J 

The elec'troniotive V“ jy 

force set up is meas- 

ured in tcTiiis of Hack and 

the temperature of 

the source of lu'at ^ 

1 -ii- 1 - . Fk; (>57. Forv Hadijilion PvremoUT. 

by a millivoltmeter. 

Neither the coupler nor any jiarl. ol tin* instrument is ever subjected 
to a temperature mu(‘h above 150 d(‘cr. hOu'. ddie indications are prac- 
tically independent of the distanct' from th(‘ source^ of heat, and the range 
is without limit. Other makes of radiation [lyronuders are the Thwiiig ” 
and the “Foster.” 


I'^k; (>7)7. Forv Hadijilion PvromoUT. 


The Uehling pyrometer de])ends for its ojK'ration upon flu* flow of gas 
between two apertures, thus: Air is continuously drawn through two 
apertures by a constant suction jiroduced l)y an iis])irat()r. So long as 
the air has the snine tem])erature in iiassing through these' orific'cs, there 
is no change in the jiartial vacuum in (lie chamber betwee'ii them; if, 
however, the air passing through the first oiiening has a higli(‘r ternix^raturc 
than that passing through the second, the vacuum in the (diamber will 
increase in projiortion to tlu* difh^rence in t(*inp(*rat.ure sin(‘e the volume 
of air vnries directly with the temperature. In tlu' aiiyilicatiein of this 
principle, the first aperture is located in a nickel tube which is exjiosed to 
the heat to be measured, while the second apert uri* is ki;pt at a uniform 
lower temperature. This style of jiyronieti'r is mad(* to irKli(\‘ite and 
record, and the indicating and recording mechanism (;a,n ho placed at a 
distance from the main instrument. 


Bimetallic thermometers utilizing the turning moment produced by the 
dififcrential expansion of two metals brazed together, or tlu* linear differ- 
ential expansion of two rods having different coefheients of expansion are 
used for certain industrial processes where the temperatures range from 
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— 40 to +500 dcp;. fahr., but arc not much in evidence in the power house. 
The bimetallic principle, however, is used in a number of automatic tem- 
perature-con trolling systems. 

Pyrometric Practice: U. S. Bureau of Standards, "J'eehriologic Paper No. 170, Feb. 
l(i, 1921. 

345. Power MeaBurements. — Instruments for the measurement of 
power may be divided into two geiK^ral classes, direct and indirect. The 
former involve the direct measurement of force and linear velocity or 
torque and angular v(docity, and the latter give the eciuivalciit in other 
forms of energy. Dirccd. i)owcr-ineasuring apjdiances include the various 
speed indicators, transmission and absorption dynamometers; and the 
indirect include ainmeters, voltmeters, watt-hour m(^t(;rs, boileri-flow 
meters, and the like. In all power measurements the time or speed 
factor is rciadily determined, but the force or torque factor, or cquival\^nt, 
often involves considerable labor and the use of costly and complicai(bed 
apparatus. The various (conversion factors for the measurement of wotk, 
power, and duty are given in Appendix A. 

34G. Measurement of Speed. — The following chart gives a classifica- 
tion, of a miinber of well-known instruments for determining linear and 
angular velocities. 

Hand Worm and wlieol. 

Counters j Continuous ( 

I I'Jectncal. 



Electrical 

Resonance Fralim’s. 

Chronographs / El(*(*troiiiagnctic 

\ 1 lining fork. 

The most commonly used device for speed determinations is the hand 
speed counter, consisting of a worm, worm whecd, and indicating dials. 
The errors to be corrected are principally those due to slipping of the 
point on the shaft, and to the slip of the gears in the counting device in 
putting ill and out of o})eration. In some of the better grades of instru- 
ments, the gears are engag(al or disengaged with the point in contact with 
the shaft. In the latter design a stop watcli, actuated by tlie disengage- 
ment gear, minimizes the error likely to occur in luyid manipulation. 

Tlui continuous counter consists of a series of gears arranged to operate 
a set of indicating dials. It may be operated by either rotary or recipro- 
cating motion. The rate of rotation is calculated from the readings of 
the counter. 

All tachometers indicate directly the speed of the machine to which 
they are attached and are independent of time determination. The most 


Tachometers or 
Speed Indicators. 
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commonly used devices depend upon the centrifugal force of revolving 
weights for their operation. The indicating needle is attached to the 
weights in such a manner that the number of revolutions jxt minute is 
read directly from the position of the needle on the dial. These instru- 
ments should be calibrated for ataairate work because of the number of 
wearing parts. 

Fluid tachometers consist c^ssentially of snuill (centrifugal pumps or 
blowers discharging into a suitable type of manona'tiT. "i'he height of 
the indicating column is a function of tlu* speed of rotation. The applica- 
tion of this type of ta(*hom('t(*r is found in the Bail(\v rc'cording stcjker 
tachometer. In this parthailar design +he suction sidic of a small cenlrif- 
ugal blower is attached to one bell and the discharge to the other Ixdl of a 
Bailey draft recorder. 

Electrical tachometers are miniatun' dynamos, tlu' voltage being a 
measure of the speed of rotation. Th('s(' instruuKcnts are accurate and 
readily attached but necessitate the use of ii delicate and costly voltmeter. 
The indicating mechanism may be placcxl at any distance from the small 
dynamo and in this respect has a mark(xl advantage over tbe other types 
of si)eed indicators. 

The resonance tachometer affords a convenient method of measuring 
spc'cds over a wide range. It consists of a numix'r of st(‘el n^eds of differ- 
ent periodicity mounted side by side on a suitabl(‘ frame*. When used to 
measure the speed of an engine or turbine, the instrument is placed on or 
near the bed plate or frame and the slight uiuk'r or ox-'cr balanc,e causes 
the proper ren^d to vibrate in unison. 

347. Steam-engine Indicators. — This subject has bc'cn extensively 
treated by various autliorities and a general discussion would be without 
purpose. For indicated horsepower, testing indicator springs, and analysis 
or indicator diagrams sec “ Buies for Conducting Steam Engine Tests/' 
A.S.M.E. ('ode of 1925. 

348. Dynamometers. — DynamoiiK^tiTS for measuring powia- are of 
two distinct ty])es, absorption and transmission. In the fornu^r the 
power is absorbed or converted into (mcTgy of another form, while in the 
latter the power is transmitted through the ai)i)aratus without loss, 
except for minor friction losses in the mechanism itself. 

The ordinary Prony brake is the most common form of absorption 
dynamometer. In the various forms of Prony brakes, the power is ab- 
sorbed by a friction brake applied to the rim of a pulley. I'or low rubbing 
speeds and comparatively small powers it affords a simple and inexpensive 
means of measuring the actual output. 

The Alden absorption dynamometer is a successful form of friction 
brake and has a wide field of application. It has been constructed in 
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large sizes and is adapted to all practicial ranges of speed. For a descrip- 
tion of rope brakes and the Alden absorption dynamometers see Appendix 
No. 19, p. 179, A.S.M.p]. Code of 1915. 

Water brakes are finding much favor with engineers for high-speed 
service. Theiv an; two typ(\s, the Westinghoiise and the Stumpf. In 
the former, the rotor consists of a simple driiiii with serrated periphery, 
revolving in a simple casing, the inner surface of wliich is serrated in a 
manner similar to tin; rotor. Tin; resistance is produced by friction 
and impact, and the ])ow(‘r is (;onverted into heat which is carried away 
by the circulating wat(‘r. Tlu' casing is free to turn about the shaft 
but is h(‘ld against rotation by a lever arm. Tlu; tonpie of the lever 
arm is determined ;is in ii Prony brake. A brake of this design, j2 ft. 
in diameter and 10 in. wi(l(‘, will absorb about 3()()() hp. at 3500 r.p.m. 
In the Stumpf type, th(‘ rotor consists of a miinlxa* of smooth discs mourned 
side by side on a common shaft. The casing is divided into a iiumbey of 
compartnKMits corresjxmding to the division of the rotor. There is' no 
contact b(dwe(;n rotor and (*asing. The fri(;tion between the discs atid 
water and tbe watx'r and casing tends to rotate the latter and the tonpie 
is measured in the usual way. In either type, the power outi)ut is readily 
controll(;d by the water supply. 

Pump brakes and fan brakes are also used as absorption dynamometers. 
The latter are commonly used in connection with automobik; (;ngine 
testing. 

Electromagnetic brakes are o(;casionally used for power measurements. 
They consist (‘sscmtially of a nudal disc or wheel revolving in a magnetic 
field. The resistrnu'e or drag tends to revolve the field casing and the 
tonpie is ineasunHl in the usual way. 

An electric geiu'rator mounted on knife edges forms the basis of the 
Sprague el(;ctric dynamometer. The ))rime mover drives the armature 
of the generator and the reaction betw(;cn armature and field is counter- 
balanced by suitable weights. The output is conv(;nicntly regulated by 
a water rheostat. 

Transmission dynamometers nvv seldom used for testing prime movers 
and are ordinarily liniit(;d to small powcT measureiiKnits. In some in- 
stances, however, as in marine service, transmission dynamometers afford 
the only practical means of approximating the net power delivered to 
the propeller. For comparatively small power iheasurements may be 
mentioned the Morin, Kennerson, Durand, Ijcwis, Webber, and Emerson 
transmission dynamometers, and for large powers, tlu; Denny and Johnson 
electrical torsion nutter and the ITopkinson optical torsion meter. For 
detailed descriptions of these appliances consult “ Experimental Engi- 
neering,'’ Carpenter and Dicdcriclis^ Chap. X. 
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349. Flue-Gas Analysis. — It has been shown (paragraph Ui) that the 
products of combustion, coiuinonly called fliu' gases, resulting from the 
complete oxidation of coal willi tlK'oretical air sipiply, consist chiefly of 
nitrogen and carbon dioxide, with li'sser amounis of water vapor and 
sulphur dioxide. It was also shown that willi incoin])lele combustion 
the flue gases may (‘ontain carl)on monoxide and varying amounts of 
hydrocarbon. If excess air wen' used in tlu' com))ustion of the fuel, fn^e 
oxygen would also be present in the gases. Kvirk'iitly an analysis of the 
flue gases offers a basis for judging the eflicic'iicv of combustion. The 
first step in the analysis, and the most important one, is the obtaining 
of a representative; sam])l(‘. Since the gas(‘s in I hi* bre('(*hirjg and flue's 
may be far from hoine)ge'ne'e)us, great e-an' must be exe'rcised in ge'tting a 
true aveTage' sample. (Sampling anel Analyzing Idiie (lase's, V. S. Bureau 
of Mine's, Bui. No. 1)7, 1915.) 

The analysis as orelinarily maele in cennmereial i)ra(“tice is e*alled vedu- 
rru'tric, altheaigh in ivality it is base'd upon the' etderminatiem e)f j)artial 
preissure;s. Ae*e‘oreling to l)alte)n’s laws, 
wdien a number of gases are e‘e)nfined 
in a give'll spae’e' eaedi gas e)ce*u])ie's 
the total vedume' a I its own ])artia.l 
pressure, anel the* total jjressure is the 
sum of all the; ])artiat ])i*essure*s. 

When one of the gases is abseirbeel by 
a suitable meeliuni and the remaining 
gases are; comjiresse'el back to the; 
original total pressure', a Aadume ele- 
crease is found, anel if the tempera- 
ture remains constant this decrease 
re'presents the vedume' abseirbeel. 

The ap] laratus usually emple)yed 
for volumetrie* analysis e-einsists eif a 
graeluate;d nu'asuriiig tube' inte) which 
the gase;s are drawn and ae*e;urately 
measureel uneler a given pressure, and 
a series of treating tube;s, containing 
the necessary absorbing reagents, into 
which they are transferreel until 
absorption is e-om])le‘te'. The Orsat 
apparatus, Fig. 058, forms the; basis of nearly all eif the; pe)rtable 
appliances on the market for analyzing flue; gases anel the oreliriary 
produe;ts of combustiem. In this apparatus a measureel veilume, rep- 
resenting an average sample of the gas, is foreied sue;ccssively tlirough 
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pipettes containing solutions of caustic potash, pyrogallic acid, and 
cuprous chloride in hydroc.hloric acid, respectively, thus absorbing the 
carbon dioxide, the oxyg(ni, and the carbon monoxide, the contraction of 
volume l^eing rneasunul in each case. The exact process of measur- 
ing the gas sample, its transference to the pii)ettes and manipulation of 
the various valves diffc^r witli (^at;h design of apparatus and the instruc- 
tions of the manufacturer sliould l^c faithfully followed. For a com- 
prehensive discaission of analyses of flue gases in general, consult Analy- 
sis of Flue Gases ” by Ilcuiry Kreisinger and F. K. Ovitz, Bureau of 
Mines, Bui. No. 07, lOl.'i. 

Th(» Hempel apparatus works on the same principle as the simple form 
of Orsat apparatus d(‘scribed, so far as the lattc'r is applicable, excepting 
that the absorption may be hastened by shaking the iripettes bodily, 
bringing the cheniic.id into intimate contact with the gas. The Hempel 
apparatus is less portable and reciuires more careful mani])ulation than 
the Orsat, and for this reason is more of a laboratory than a power pl^nt 
instrument. The absorption pipettes are made' in sets, which are in the 
form of globes, and a number of independent sets 
an*, reejuired for the*, treatment of the different con- 
stituent gases. A simple fripette of the Hempel type 
is shown in Fig. ()58a. 

llie standard Orsat apparatus is equipped for the 

analaysis of CO 2 , (JO, and (>2 only, but some designs 

are on the market in which provision has been made 

for the analysis of illuminants, hydrogen, and methane 

^ ^ in addition to these three 

Firs. 65 Sji. 

Pipette. gflt^cs. 

h or rough surveys or 

where then^ are but small amounts of CO, H, 
and liyilrocaTbons, no attempt is made to 
analyzes otlier than tlic (X) 2 . A number of 
small inexi)ensiv(* portable devices are avail- 
able for this purpose, among which may be 
mentioned the Dwight,” “Ke})ublic Flue 
Gas Analyzer,” ''Hays Single Pii)ette Gas 
Analyzer,” and " Bacharach Pocket CO 2 
Indicator.” 

The general principle of the Dwight CO2 Indi- 
cator is illustrated in Fig. 659. It consists es- Fig. 659. Dwight CO 2 Indi- 
sentially of a small hard-rubber vessel equipped cator. 

with a sensitive vacuum gage and partly filled with a solution of caustic 
potash. A film of oil seals the pwtash solution against contact with air or 
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gas when the apparatus is not in use. Operation is as follows: A sample 
of gas is introduced into the vessel by means of a rubber pump. The 
inlet valve and the valve connecting the gage willi the vessed are closed. 
The vessel is then shaken violenily so that the oil film is broken and the; 
gas and caustic thoroughly mixed. Tlu' volume of gas absorbed is in- 
dicated by the vacuum registered on the gage. 

The majority of OOo indicator recorders an* of the absorption type; 
that is, the measurements are controlled by the a])sorption of by 
KOH, either liquitl or granular. Amojig the well-known instruments of 
this type may be mentioned the “ Re])ublie/’ Hays,” Precision,” 
'^Foxboro,” “ Tag-Mona,” and 'MVdiling.” The motive ik)W(t for 
actuating the mechanism may be stc'.am, water, Ihu; draft or eka’tricity. 



Figure 660 shows general assembly of th(^ “ Republic ” C02 Recorder, 
which is representative of the absorption type. This instrument depends 
upon the flow of water for its operation, but is so constructed that a con- 
siderable variation in supply will not affect its proper fuiuitioning. The 
gas is drawn continuously through a suitable filter from the furnace or 
breeching to the instrument by means of an aspirator of the water-jet 
type. 

When the CO2 recorder is in operation, the water admitted through 
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strainer and valve Aj Fiji;. GOO, enters the instrument at connection P, 
and flows throuf^h the looi) in the oil seal Z for the jjurpose of inaintaining 
constant t('mi)eratur(^ of tlie oil. It then passes vertically to the top of 
the case; and follows through the jet X and aspirator V into water column 
T, The water flowing through the jet forms a partial vacuum, drawing 
th(^ gas from the furnac^e through th(i indicator bottkj D following the 
arrows to the a,si)irator. 

The water rising in the wat(T column also rises in the vertical tubing 
connecUid to tlu^ wiitvr column at (JC. When the water reaches the 
tubes an, if seals off a dedinite volume of gas contained in the pipette G. 
As the water c.ontijuies lo rise, it fills tlu^ i)ipetf,(', forcing the contents of 
the pip(itt(‘ tlnough the gas tube U into tank ft containing the i)^tash 
solution. The gas passes through th(‘ potash solution under the c^itire 
length of the bailie ])lat(‘ in the tank and rises to the surface. This aqtion 
absorbs all th(' ('(b contained in the gas, leaving an amount of residue 
gas which c\s(*ai)('s through outlet S and raises float C to a height propor- 
tional to the aniourd of r(‘sidue gas. 

As the water continues to rise in th(^ water column, it raises th(i siphon 
system until it strike's buinpcT hh. The waU'r then overflows into the 
float of sii)hon L, causing the siphon system to sink. When the siphon 
is submergcHl, the wate'r is sii)honed out of the water column through 
tubes F, 11 and O coniu'cting with drain pi])e B. As the water level is 
lowered below Q, it rel(‘as(\s the seal of the tube leading to the waste gasit^s 
through the i)otash tank. Tlu' lloat C lowc'rs to rest on guide E and dis- 
charges tlie contc'iits of giis through relief tube Q. 

As the rec(‘ding watc'r reaches point an, the })ii)ctt() discharges through 
pil)e M, drawing a charge of gas from the gas passage at W. When the 
water recedes to point 11, aii- is admitted and the sii)hon action stops. 
At this tiuK' the water siplions from the main siphon L through the aux- 
iliary siphon I. 

When the ini)ette is measuring the charge' of gas, the partial vacuum 
in it and in the connecting gas chambers is relieved by vent tube N which 
supplies air to satisfy the reciuirements of that i)artial viicuum and the 
aspirator. The watea- column begins to fill again, repeating the opera- 
tion. 

The recording nu'chanism is mounted on the door. When the door is 
closed, arm 2, rigidly comu'ctc'd to recording pen staff, swings into posi- 
tion directly over rod attached to float. C, and pen retainer 1 is directly 
over float arm at J. The final movement of the water raises float K 
and releases friction surface of 1 from wheel 3. This allows pen arm 2 
to rest freely on the float, rod, registering the amount of CO 2 . As the 
water recedes, pen retainer 1 rests on the wheel holding the pen in position 



TESTING AND MEAf?URlNG APPARATUS 


851 


To Boilor Room Indicator 


To Rucordlng Gauge 


Causlio Drip 


Abfiorpliou Chamber 


until the next charge. This gives a continuous chart rec^ord, and the 
added feature of an indicating instrument. 

The Uehling Composimeter is another successful instrument for (‘on- 
tinuously recording the ])ert‘(mtage of 
CO 2 in the flue gas. Tlie ])rinci])les of 
this apiiaratus are illustrated in Fig. G(>1. 

The device consists iirimarily of a filter, 
absorption chamber, two orihces, A and 
Bj and a small steam asjiirator. (ias 
is drawn from the usual souri'c, by 
means of the aspirator, through a ])re- 
limiiiary filter located at tlie boiler, 
and then through a second tiU(*r as illus- 
trated in the diagram. From tli(‘ latter 
the gas passes through orifi(‘-e th('nc(‘ 
through the absorption chambcT and 
orifice B to the asinra.tor wlien' it, is 
discharged. The COo is absorbed by 
the caustics j)ota,sh solution in the 
absorption chamlier. This reduces the 
volume and causes a chang(‘ in tension 
between the two orific(‘s in ])roportion 
to the ("O 2 content of the gas. This 
variation in tension is indicated by the watc'r c,ohimn, as shown, and is 
transmitted by suitable piping to the recording mechanism which may 

be placed id a considerable 



pOauatic Overflow 
Principb^ of tlic' Foliling 
('(>2 K(‘(;()nl(^r. 



distance from the boiler 
room. 

b’igure ()()2 gives a dia- 
grammatic^ outline of the 
Engelhard Gas Analyzer 
whicli operate on the 
thermal conductivity basis 
and does away entirely with 
licpiids and gas-absorbing 
reagcmts. The fundamental 
principle is that of compari- 
son of t wo resistance wires 
electrically heated, one sur- 
rounded by a standard or reference gas, the sc'cond by the gas being 
analyzed. These wires are connected into a Wheatstone bridge system 
as shown. Each of the two resistance wires, which are of 0.6 mm. diam- 




852 


STEAM POWER PLANT ENGINEERING 


eter platiiiuin, are mounted in a heavy-wall copper tube of small inside 
diameter. When the two {^ases arc identical in composition, both wires 
are at the sairui temperature and the bridge is in Ijalaiice. If the thermal 
conduciion of one gas is difTenuit from that of th(‘ other, there will be a 
t(;mpcrature difference in the wires and this will effect an unbalanced 
condition of the bridge. This unbalanced effect may be indicated and 
recorded by suitable instruments calibrated to read directly in terms of 
the gas being analyzed. Electrical gas analyzers have so many advantages 
over the caustic or absorption type that it is safe to predict that they 
will eventually su])ersede the latter for continuous service, indicating or 
recording. 

350. Combination Instruments. — Instead of employing an indivijJual 
dial or chart for each indicating or recording instrument, the vaAous 
indications or graphs may be grouped in a single instrument. This 
not only makes it possible to visualize the simultaneous readings of pres- 
sures, temi)eratures, and the like, but also offers a means of increasing 
the efficiency of operation without a knowledge of the actual values of 
the quantities involved. For example, the heat loss in the dry chimney 
gas is a product- of weight, mean specific heat, temperature of the air 
entering the furnace, and temperature of the flue gas. Suice the mean 
specific heat is practically constant for the temperatures range in i)ractice, 
and that of the air entering the furnace varies within a comi.)aratively 
narrow range, it is (widemt that the heat loss is i)rimarily dependent upon 
the product of the weight and temperature of the flue gas. It has been 
shown that for a givcui class of fuel the per cent of CO2 in the flue gas 
is an index of the w(*ight of gas. Therefore, a single c^hart upon which 
the variation in C()2 and flue-gas temperature is recorded is substantially 
a relative-efficiency metesr. Thus any change in the method of firing or 
operation which lowc'rs the temperature reading and at the same time 
in(sr(sases the COo content (within the maximum per cent of CO2 per- 
missible for the ])articular installation under consideration) will result 
in decreased stack losses irrespective of the actual temperature and CO2 
content. 

The rate of flow of the flue gas for a given grade of fuel and a given 
boiler equipment is a function of the draft-pressure drop between fire 
box and uptake or between passes in the boiler, because the resistance 
of the gas passages may be likened to an orifice. Therefore, a simple 
chart upon which the variation in draft-pressure drop and flue-gas tem- 
perature is recorded performs duties similar to those of the combination 
instrument previously described. 

I The weight of air required for the complete combustion per lb. of a 
given grade of fuel is a definite amount, and the heat generated per lb. 



TESTING AND MEASURING APPARATUS 


853 


of fuel is equally definite; therefore, for a boiler and furnaee equipment, 
grade of fuel, and load, there is a definite relationship between steam 
output and air flow. An instrument giving eombined readings of steam 
flow and air flow is therefore of value in maintaining efficient cojnbustion 
at various ratings. 

In a similar manner, various readings may be combined on otie chart. 
Accumulation of ash and soot on the tubes, leaky settings, and broken 
baffles will, of course, influence air flow readings based on pressure drops, 
and in(‘omplete combustion may greatly ofTsed tfie vahu' of high CO 2 
readings; but, taking all things into consideration, these various types 
of comlnnation or relative efficiency instruments liave considerable merit 
and ma}^ be the means of effecting increased economy if properly installed 
and intelligently studied. 

Among the Avell-known instruments may be mentioned the following: 

Bailey Boiler Meier, combining, on a simpl(‘ grajdiical chart readings 
of steam flow, air flow, and flue-gas tenijM^ratures, and in sp(^(*ia,l cases, 
temperature of the ash leaving th(‘ grate. Finvbox draft indications may 
also be included. 

Republic Steam CO 2 Recorder, giving continuous records of the steam 
flow and (X )2 content. 

Hays A 1 do malic CO 2 and Draft Recorder. 

Engelhard Combination C ()2 and Flue-Gas Indicator- Recorder, 


351. Boiler Control Boards. -- In the large modern central station, 
efficient operation of the various units composing tfa^ l)lant is greatly 



Fi(i. 663. InHiviclu.'il Boiler 
C^ontrol Board. 



trol Board. 


facilitated by grouping the testing instruments on a control board and by 
placing this board where it can be conveniently studied by the operating 
engineer. Figure 663 shows the individual control board as installed 
before each boiler unit in the Northwest plant of the Commonwealth 





854 


STEAM POWER PLANT ENGINEERING 


Edison Goinpany of ('liicap;(), and Fig. 064 shows the section control board 
for eaclj turbine unit. The individual control l)oard is mounted on the 
front of the boiler casinfi;, and the section board is placed at the end of 
the battery of boih'rs near the wall dividing the boiler from the turbine 
room. With refen^nce to Fi^. 003, the two instruments at the top are 
steam-flow m(‘t(*rs - on(‘ on each steam lead — with indicatinp;, record- 
ing, and integrjiting attachments. These meters show the amount of 
steam d(0iv(*nMl a1 any lim(‘ by the boiler and giva' a complete record of 
its d(div(ay. The Ihna' r(‘Cording gages b(‘low show the temperature in 
uj)take from I la' boik'r, t lu' banperature of th(‘, feedwater leaving the 
economiz(‘r and (‘nt(‘ring th(' boih'r, and tlu^ temperature of the flue gases 
leaving th(‘ (‘c,onomi/(‘rs. Ih'low and at the left is a (Hb recorder, \|hile 
at the right-hand corner are two indicating draft gages, one connected 
to the furnace and IIk' oilier to tli(‘ ujaake. With rehannce to the section 
control board, tlu' two flow nud-ers at the toj) measiin' the steam input 
to the turliiiK' and the feedwater input to tlu' boilers, res]^e(*tivcly. The 
recording thermonadcrs immediately below show the temperature of the 
steam entering the turliiiK' and th(‘ tc'inperature of the feedwater entering 
the economizei', r(‘s[)(‘ctivel\ . Below tlu'se. are two recording j)ressure 
gages showing tlu' jiressure on the steam h(aid(‘r and on the boiler feed 
lu^ader, r(‘si)eclively, whik' in tlu* center of the board is a- clo(‘k and below 
that an indicating wattmeter showing the outiiut of the turbo-generator 
unit which is din'ct connected to these boikas. Where automatic coal- 
weighing d('vic(‘s are in use, the individual conti’ol board includes the fuel- 
measuring dials. By the use of these instruments a very complete check 
is obtaiiK'd of the peiforinance of individual ])oika’s of the entin' unit. 

352. Steam Calorimeters. - Sevc'ral forms of cal o r ime tea’s are available 

for detei’inining the cpiality of the steaim. 
The simj)lest, as well as the', Jiiost/ satisfac- 
tory, if the percentage of entrained mois- 
ture is not beyond its range, is the throt- 
tling calorimeter, Fig. 005. In this devi(;e 
the sample of steam, which is taken fr’orn 
the steam pipe by means of the perforated 
nipple, is allowed to expand through a very 
small orifice into a chamber oi^en to the 
atmosphere. The excess of heat liberated 
Fig. 665. Throttling Calorim- serves first to evaporate any moisture 

present and then to superheat the steam 
at the lower pressure. From the observed temperatures and pressures, it 
is easy to calculate', with the aid of steam tables, the percentage of mois- 
ture ill the original sample. Sec paragraph 391. 
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The limit of the throttling calorimeter (Icpt'iids upon the stoam pressure 
and is about 3 per cent of moisture at SO lb. pressure^ and about 5 per 
cent at 200 lb. For steam containing gn^ater pcrceiitag(\s of moisture, 
the separating calorimeter, Pdg. 0()(), is sometimes used. Tin's instrument 
is virtually a steam separator and jnechanically s(‘parat('s the moisture 
from the sample oF st(‘am. The water thus s(']iarated collects in a reser- 
voir provided with a gage glass and a graduated sc;d(\ while the dry steam 
passes through an orifice to the atmosphere. Th(‘ wi'ight, of dry steam 
per unit of time is indicated on the gage, (‘a,l(‘ulal(Ml a-i'cordiiig to Napa^r’s 
rule, or may be determined l)v condensing and W(‘igliing. TIk' accuracy 
of the moisture determination is greatly affect (‘fl by the difficuli-y of 
obtaining true samj)les of steam (‘ontainiug large' {)ercentages of moisture. 




Figure 667 shows the Pdlison universal steam calorimeter, which com- 
bines the separating and throttling i)rinci])les and is adapted to steam 
of any degree of wetness. Tiie separating chand)er is provided with a 
gage glass, not shown, for indi(*ating tlu^ weiglit of water which accumu- 
lates only when the steam is too wet to be superheated. 

Throttling Calorimcler^: Power, Dee., 1007, p. SOI; Trarih, A.S.M.E., 17-151; 
175, 16-448; Engr. U. S., Feh. 15, 1007, p 210 

Separating Calorimeter a: Trans. A.S.M E., 17-008; Erigr. U. S., Fel). 15, 1907, p. 219. 

Universal Calorimeter: Trans. A.S.M.E., 11-790. 

Thomas Electrical Calorimeter : Power, Nov., 1907, p. 791. 
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353. Fuel Calorimeters. — The analysis and heat evaluation of fuel 
require considerable time and skill and much costly apparatus; hence in 
most power plants it is customary to depend upon a specialist to whom 
sarnides are submitted from time to time. In many large stations, how- 
ever, the conditions often warrant the establishment of a testing labora- 
tory equipped for the proximate analysis of coal and the determination 
of the calorific value of tli(^ solid, liquid or gaseous fuel used. Calorimeters 
of the Mahler bomb type, Fig. 6()8, are the most accairate and satisfactory 
devices for solid and li(iuid fuels, but are comparatively expensive. These 
instruments consist of a steel shell or bomb of great strength, lined 
with porcelain or platinum, into which a weighed sample of the fuel is 



Fig. 668. Miililer Bomb CJalorimoter. 


introduced and burned on a platinum pan in tli(i presence of oxygen under 
a pressure of about 300 lb. jkt sq. in. The charge is ignited by an electric 
current. During combustion the bomb is submerged in a known weight 
of water, Avhich is kept constantly agitated. The calorific value is calcu- 
lated from the observed risc^ in temperature due to the heat evolved, 
proper corrections being made for the water equivalent of bomb and 
appurtenances, for the heat given up by the igniting current, and for 
radiation or absorption of heat from the surrounding air. 

In the “ adiabatic. ” design, radiation correction is made unnecessary 
by surrounding the inner water vessel with a water jacket, the tempera- 
ture of which is automatically maintained the same as that in the inner 
vessel. In some of the very latest designs, the inner water vessel is in- 
sulated by a vacuum jacket similar to a thermos bottle. 

The heat value of gaseous fuels is obtained by calorimeters of the 
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Junker ” type, which arc essentially small tubular gas heaters in which 
a very small temperature difl’crence is maintaiiuul between the inlet and 
outlet water and the flue gas esc^apes at a temperature which is essentially 
that of the gas and air sujiply, 

354. Smoke Determination. — Smoke nieasurenients may be cither 
quantitative or relative. 

The most satisfactory medhod, at this writing, of determining the 
quantity ol smoke i)assing tliroiigh a chimney is that ado]ited by the 
Chicago Association of Commerce. A continuous samj)le of chimney 
gas is drawn from the stack by inc^ans of a sjxuial l^itot tube and exhauster, 
and the solid particles are entrap])ed in a filter. The tube is so arranged 
that the rate oi flow through the' apparatus is the sani(‘ as that in the 
chimney. Sincci the area of the tube' o])eniiig bears a fixeal ratio to that 
of the chimney, tlie weight of carbon, cindcus, soot, and flic like caught 
in the tube filter is a measure of the total weight emitted from the stack. 



No. 


No. 2. No. a No. 4 

Pk;. (iOO. PinpichTmTin Smoko Churl ((IroatJv Rodiioed). 


Quantitative lueasurements are of considerable value in estimating the 
amount of energy lost in the production of visible smoke, but are seldom 
attemj)ted in re^gular ])ractic(\ 

There are several inelhods of determining smoker, relatively. The most 
common is that deviseal by llingelmaiin, and is commercially known as 
the Ringelmann Smoke Chart. The chart, as (‘ornmonly used, (consists 
of a cardboard folder 12 by 26 in. over all. Four charts are printed on 
this folder, each chart consisting of 294 squares, 14 squares wide by 21 
squares in length, the width of the lines and spacings varying as follows; 


No. of Car(J 

Thirknoss (jf Linp-, Mm 

OistuTice in the Clear between 
bines, Mm. 

1 

1 

9 0 

2 

2 3 

7.7 

3 

3 7 

6,3 

4 

5 5 

4.5 
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At a distance of 50 ft. from the observer, the lines become invisible and 
the cards appear to be of different sliades of gray, ranging from very 
light gray almost to black. The observer places the chart on a level 
with the eye (at the distance stated, and as nearly as possible in line with 
the chimney) and notcis which cnrd most nearly corresponds with the 
color of the smoke. Ol)s(‘rvations slmuld be made at ]5-sec;ond intervals 
and recorded as in Fig. 670. No smoke is recorded as No. 0, 100 per 
cent as No. 5, and the intermediate colors as indicated by the cards. 



Fie. 070. 8inoko Rerord (Miart. 

Experienced observers often record in half-diart numbers. Although 
these observations depiuid upon the personal element, it is the oiiinion 
of the Chicago Smoke Dejiartment that only a little experience is neces- 
sary to effect consistent nssults with differcait observers. Observations 
are made on a given stack every 15 s(‘conds throughout the (udire day 
and the total “ smoke units ” are recorded, from which the average smoke 
density for the entin* period is calculated. 

A “ smoke unit- ” is tlu^ (Hpiivalent of No. 1 smoke (Ringelmann S(!ale) 
emitted for one minute. No. 1 smoke has a density of 20 per cent; No. 
2, 40; No. IS, 60; No. 4, 80; and No. 5, 100 per cent. Thus, if a stack 
emits No. 3 smoke for 6 minutes, 18 smoke units are charged against it. 
If this smoke was emitted during one hour’s observation, then 

3 X 6 X 20/60 = 6 per cent 

is the average density of smoke emitted during the period of observation. 

Smoke recorders which project a continuous stream of the chimney 
gases against a clock-operated chart, and in this manner automatically 
record the density of the smoke, are on the market but have found little 
favor with engineers because of high first cost. 

One of the most successful instruments for showing the density of the 
smoke, and one which may be placed so that it is plainly visible to the 
fireman, is the Eclipse Smoke Indicator. This device may be likened 
to a periscope with one end connected to the stack or breeching and the 
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other placed at a convenient, {wint in the firing aisle. An incandescent 
lamp with reflector is placed in the stack or breeching directly oi)posite 
the periscope oi)cning and i)rojects a beam of light across the stack or 
breeching. This beam of liglit is tran,sinitted through the tube to the 
glass indicating dial in the l)oilor room. The intensity of the light is 
affected by the amount of visible smoke in the escaping gases and the 
variations are instantly shown on the indicating dial. 
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FINANCE AND ECONOMICS. — COST OF POWER 

355. General Records. — In many states, public utility corporations 
are required to submit an annual statement covering the various details 
of operation, and, in order to insure uniformity, ruled and printed forms 
are furnish(;d by the state. The private plant owner, on the other hjand, 
is free to use his own judgment and may adopt any system of cost account- 
ing or dispense with it entirely. In all jx)wer plants, public or private, 
an itemized record of plant i)erformance and cost of operation is of v^tal 
importance for the most economic results. \ 

The principal objects of keeping a system of records are (1) to enable 
the owner to acciuratcly det(!rinine the power plant operating cost, and 
(2) to enable the operator b) analyze the various records with a view of 
reducing all loss(is to a minimum. Power-plant records, to be of value, 
must be closely studied with a view toward improvements. The mere ac- 
cumulation of data to be filed away and never again referred to is a waste 
of time and inonciy. 

Records should cover not only the daily, monthly, and yearly operation 
of the plant but also, as permanent statistics, a (lomiJete analysis of each 
item of equijjinent. The value of such data cannot be overestimated. 
The engineer will fnaiuently find it greatly to his interest to have available 
the complete details of the renewable i)art.s of the eejuipment when it is 
required to replace a broken or worn-out part in case of emergency. 

A number of attempts have been made to standardize power-plant 
records but the results have been far from satisfactory because of the 
wide range in operating conditions. Each installation is a problem in 
itself and the items to be recorded must necessarily depend upon the size 
and character of the plant. A common mistake is to attempt too com- 
prehensive a system, with the result that after the novelty has ceased 
the labor of making the various entries becomes irksome, many of the 
items are omitted, guesses are .substituted in place of actual observations, 
and the records are ultimately without value. A few properly selected 
items, accurately recorded, are of vastly more importance than an elabo- 
rate system of records indifferently maintained. 

Walter N. Polakov, Trans. A.S.M.E., Vol. 38, 1916, p. 581, has pro- 
posed a “ standardization of power-plant operating cost ” by means of 

860 
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which the owners of power plants can judge, without the necessity of 
going into technical details themselves, how closely the actual performance 
of the plant is to the i)ossil)le minimum cost at any time or under any 
circumstances, all variable factors beyond ojxu’ating c’ontrol being auto- 
matically adjusted. Mr. Polakov shows the futility of attempting to 
judge any one plant by the performance of others having a dilTerent kind 
of equipment or of a different nature of service. Even where conditions 
appear identical, such comparisons do not offer a triK^ measure of excel- 
lence. It is not so important to know that one's j)laiit is belter than 
another as to know whether it is as good as it (“an be. Mr. Polakov shows 
how this can be dok^rmined by the use of (“urv(\s of ‘^standard costs," 
the plotting and application of which are explained in his paper before 
the American Society of Mechanical Engineers. 


TABLE 108 


PERMANENT .STATISTICS 

General Information 


Date of instiillation 

Type of bn 1 1 din R 

Number of floors 

Number of oflicos 

Volume of building, cu. ft. 
Type of heatinp system 
Engine room, sq. ft , . 
Height of chimney, ft. 

Draft, in. of water. . . . 

Kind of grate or stoker 
Kind of enal 

Coal storage capacity, tons . 
Capacity ice plant, tons 
Capacity storage. ])atterv, 
am. hr. . . . 

Total cost of l)uilding 


( )ffico 
IS 
900 

10, 800, 000 
Webster 
(),H40 

:ns 

8 .5 

( Jones 
l Underfeed 
111. screenings 
450 
50 

None 

$5,000,(KJ0 


(Jround plan 191 X 231 

Rentable floor space, s(p ft. . 4(M),0(X) 

Height of building, ft. . . . 280 

No. of sides ex])osed . . 3 

Radiator surface, sq. ft. 100,000 

(Bass surface, sq. ft 100, 0(X) 

Boik'r room, s(| ft 5,400 

Number of elevators 22 


('apaeity of eUwators, lb., 

each . .... 2,700 

Boder |)re.ssare. ... . 150 

Back jire.ssun* .... Atmospheric 

Pari of bldg, lighted .... All 

Total cost of rnechariKtal 

plant $050,000 



KnRine.H 

(itMiomlorH 

MotOTH 

Boilers 

Type ... 

Ball compd. 

Crocker-W heel er 


Number installed. . 

5 

5 

25 

5 

Rated capacity . 

250 hp. 

l-IO kw. 


375 hp. 


R. J. S. Pigott, Trans. A.S.M.E., Vol. 38, 1916, p. 687, shows, by 
means of graphic analysis, the effects of modifying th(^ operating condi- 
tions of power plants and of changing the character of the auxiliary equip- 
ment. From the study of such an analysis the cost of producing power 
for given conditions may be determined with little effort, and the effects 
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of changes in the conditions or equipment may be predetermined with 
accuracy. 

The National Association of Building Owners and Managers have 
recommended a standard form of statement, outlining the classification 
of accounts for office buildings, which may be obtained from their Execu- 
tive Office, Edison Bldg., Chicago, 111. This association also issues an 

Experienc.e P^xchange ” which gives the cost of oi)erating the mechanical 
equipment of office buildings in various cities of the UnitcMl States. 

Power Slalion Economics: D. 1). NutioniiJ Engr., Dec-., 1920, p. 56.3; Jan., 

1921, p. 1. 

Uniform Costs for Power Plant: Alfred llaruch, Power PUiiit I'^ngrg., June 15, ,1923, 
p. 623. I 

Financial Engineering: 0. B. Goldman, John Wiley Sons. \ 

35G. Permanent Statistics. — Tables 108 to 110 are taken from ^^he 
records of a large isolated station in CJiicago and serve to illustrate the 
makeup of the j)ermanent statistics.’^ Th(‘ (‘ompleto file covers eabh 
item of equipment and includes the various drawings, specifit^ations, and 
guarantees for the entire mechanical ecpiipment. Since these records 
do not vary with the operation of the plant, they rcnpiin^ no further atten- 
tion, once they are (compiled, except of course for siudi (‘hanges as may 
be made from time to time in the plant itself. 

367. Operating Records. — The ()i)erating records of any plant bear 
the same relationship to the economical oiKU*ation of that plant as the 
bookkeeping and cost accounting systems bear to the manufiicturing 
plant. The distribution of profit and loss in either case can only be 
obtained by itemizing the various factors involvc'd and by grouping them 
in such a manner as to show^ at any time wdierc^ improvement is possible. 
Commercial bookkeeping has been more or less standardized and entails 
very little need of originality on the part of the bookkeeper, but the 
selection and maintenance of a system of power-plant records may require 
considerable study ajid experimenting, since ('.ach installation is a problem 
in itself. The items included in the different forms depend upon the 
apparatus provided for weighing and measuring the (joal and water, the 
type and number of instruments available for measuring temperature, 
pressure, and power, and the system adopted for keeping track of oil, 
waste, general supplies, and repairs. In large stations, autographic 
recording and integrating appliances, which are to be found in nearly 
all strictly modern stations and represent but a small part of the first 
cost of the plant, greatly reduce the labor of keeping continuous records. 
In many small plants, the cost of autographic instruments may prove to 
be prohibitive and recourse must be had to the usual indicating devices. 
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TAHI.IO 101) 

I'KIIM AN KNT STATISTI t'S 
lIoiLiKUrt 


Make of boiler Stirhnj^ 

Total 11 umber in plant 5 

Date of installation 

Steam pressure, g;aRe 150 

Safety-valve pressure KiO 

Type of safely valve. . . , Pop 

Area of prate, sfi- ft 

IleaLinp surface, s(|. ft .‘1,500 

Superlieatiiip surface, s(p ft,. Ntuie 

Number of sttaim drums 11 

Diameter of steam drums, in.. .‘Ui 

Distan(;e betwc'cn steam 

diums, ft. . .“I 

Thiekne.ss of sIk'U, iii 4 

Thickness of h(*ad, in. 4 

Diameter of steam nozzle, m. 10 

Diameter of safety valvi', iii. 4 

Diameter of blow-off, in. 2 5 

Diarnete^r of fecal pipe, in. 2 

Temjierature of flue, dep 

fahr 1.50-400 

Tcaniieraturc', of fcuvl i\aler, 

dep fahr., . . 210 

Ratio of hc‘atinp surface (o 

prate a,rc*a lib 

Kind of fu(4.... Illinois sen;(*.ninps 

Type of prate Creen chain prate* 

Rated horsejiower 575 

Number in battery I 


Wc’ipht of boilc'r 

Cost of boiler and lit tinps 

62,186 

(each) . 

$5,400 

Ileipht of setlinp 

17 ft. 9 in. 

Ecnpth of setlinp. . ... 

17 ft. 4 in. 

Width of sc'ttinp 

15 ft. 3 in. 

Weipht of settinp, lb. . . 

''riiie.kiu'ss of wall 

272,0(K) 

Side 20 111 . ; 1 

lac’k, 15 in. 

No. of bricks, fire 

t),.590 

No. of brieUs, common 
Dimensions of foundation 

19,600 

15 ft. 2 in. X 
Material of foundation 

17 ft. 4 in. 

Stonc’ and eonerete 
(_\)st vif foundation and settinp 

(cvieh) 

$1,500 

Distance bc'twc'c'ii ba,tteru\s 

4 ft. <> in. 

Distance’ back of boilc'r 

17 ft. 6 m. 

Distance in fr«)nt ot boiler 

It) ft. 6 in. 

Distance ova’ihc’ad 

2 ft. 10 in. 

Number of t ubc?s 

337 

Diamc'tc'r of tub(?s, m. 

3 25 

Lc’npfh of tube's, ft. 

12 to 14 

Stc’am .s])ac‘e, c*u. ft 

96 

\N a ter space', cmi. ft . 

643 

Kind of draft . . . 

Inehc's of draft m liTvc'C’hmp 

Natural 

(maximum) 

2.5 


TAPLE no 

I'EltMAN ENT STATISTIC’S 

Feed Pumps 


Date cjf installation 

Make . Snow 

Number in plant 2 

Ileipht, ft 5 

Lempth, ft 12 

Width, ft 4 

Weipht of pump ...... 5 tons 

Cost, each -1100.5 

Steam pressure? _ ... 150 

Back pressure i 

Numbcir of valves .52 

Character of valves. Rubber, brass lined 
Area thro’ valve seats, sq. in., 

pc?r jiump . ... 12 15 

Gallons of watcir per mm., ja'r 

pump ... SOO 

Pemnds of water per 24 hr., 

averape, ae.Lual 479,400 

Gallons of wat(?r jier 24 hr. 590 

Volume of air c;hamber, eu. ft. . .3 

Shop number 24,572-3 


Diame'ter of stc?ain evhiielcir. 

16 

Diametc'r of walc’r evlinder. 

10 

Stroke ... 

Disj)l.iccTiic*nt per streike, cu. 

12 

ft 

No, of .stroke's i)er nun., ave?r- 

0 545 

ape; 

12 

Diaineler of suction. 

8 

Diame’ter of diseharpe 

5 

Diamc'te'r of steam l>ipe . . . . 

2.5 

Diameter of e'xhaust ... 

4 

Diameter of steam drips . . 


Diame'ter eif water drams. 

1 

Sued, ion he, ad, lb. per sq. in.. . 


Di.seharpc’ head, lb. per sq, in. 
Kind of piston pacikinp 

175 

Outside packed jd linger 

Size of piston packing 


Kind of rod packing 

Soft 

Size of rod paeddng 


Temperature of feedwater .... 

208 



864 


STEAM POWER PLANT ENGINEERING 


In the latter case, c;oiitiniious records may he closely simulated by plot- 
ting; the rciadings of tlic indit^atiiip; appliances, say ev^ry fifteen minutes, 
or even once every hour, and by connc'cting; the points with a straight 
line. The short(‘r the interval iK'tween readings, the smaller will bo the 
error, but unfortunately the dutie:; of the operating engineer in the small 
plant are usually such as to make frecpient readings impossible. Total 
quantities may be ol>t>ain(Ml by summing uj) the various items or by inte- 
grating the graphical chart by means of a ])laniniet('r. It is not suffi- 
cient to record monthly or yearly averages. Daily and even hourly 
records are absolutely esscaitial for maximum economy. The various 
losses may be hmIuccmI to a ininimum onl^' by an intelligcmt analysis of 
daily records. A number of forms taken from th(' fil(‘s of various ))c^wer 
plants are reprodiu'ed in this cha,j)ter under the i)ro])er subheadings land 
serve to illustrate good practice. \ 

Operaium of Ccoind Po'ivcr Sfahojin. J. 1). Moi'Kan, Power. Ocl. 7, 1910, p. \ 
Record Keeping for Isolated Power Plants National taigr., Mar. 1, lOPS, p. 94. ' 
Operating Charts at West Reading Plant of Metropolitan Edison Power Statidn: 
Power Plant Engr^., Aug 1, 1923, ]). 77)7 

Class'ijieation of Accounts and Standard Form of Statement- National Assoc, of Build- 
ing Owners and Managers, JOdison Building, Ghicago. 

358. Output and Load Factor. — There im so m.any ways of expressing 
the output ” and so many kinds of factors ’’ in the modern operating 
code that much (‘onfusioii arises from the different interpretations of tlios^ 
terms. The various national engineering soci(di(\s have ]iuldished codes 
on definitions and values but. there is no generally accepted standard. 
Until such a standard has been established, it is well to define all terms, 
the meaning of whi(*h may lie subject to misconstruction, when reporting 
the performan(*e of a machiiK^, plant, or system. 

In the accompanying tables and charts, the term output without 
qualification refers to the net energy generated by the machine, plant, 
or system, that is, the energy actually available at the source of distribu- 
tion. For an eleidric power station this is the gross kw-hr. generated 
less the kw-hr. used by the station itself. 

According to the Standardization Rules of the American Institute of 
Electrical P]ngineers, the load factor of a macdiine, plant, or system is the 
ratio of the average pow(T to the maximum power duriiig a given period 
of time. The average power is taken over a certain period of time, such 
as a day, a month, or a year, and the maximum ]iower is taken as the 
average over a short interval of the maximum load within that period. 
In each (!ase the interval or maximum load, and the period over which 
the average is taken should be definitely specified, such as a half-hour 
monthly ” load factor. The proper interval and period are usually 
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dependent upon local conditions and upon the purpose for which the load 
factor is used. 

The following tentative definitions have been published by the N.E.L.A. 
Prime Movers Committee, 1922. 

Station Load Factor. — The ratio of gross station output in kw-hr. 
during a given period to the product of the inaxiinum load occurring 



during the period, times the number of luairs during that period. In 
each case, the duration of maximum load and th(^ period over which the 
station output is measured should be definitely stated. 

System Load Factor. ~ Same as above, exc(‘pt substitute the term 
“ system for “ station.” 

Station Output Factor. — Tlu^ ratio of tlie gross stiition output during 
a givcai j^eriod to the sum of the i)rodu(*ts of the rated (capacity (rated 
capacity is the maximum kw. load which the gcaierating unit can deliver 
continuously) of ea(*h gcuierating unit in the station, by the number of 
hours it was in operation during that period. 

A high output factor, whether based on gross or net output, and whether 
applied to individual ma(diines, stations, or systems, is essential to maxi- 
mum economy. 

In this text the term “ load factor ” without qualification is the ratio 
of the total gross output to th(’ total rated output for a period of one year 
or 8760 hr. 

The demand factor is the ratio of the maximum demand to the connected 
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load. There is a general tendency to overestimate the maximum elec- 
tric demand, due, in a measure, to the possibility of all the lights and 
motors being in use at one time. Practically speaking, such conditions 
are not likely to occur. Tabic 113 gives an idea of the value of the de- 
maud factor for various clas,s(^‘^ of s(Tvi(!c and may be used as a guide 
for determining tlie size; of prinu^ movers. 


TABLE 111 

YEARLY LOAD FACTORS (1922) 
Stations 



Vearlv' Output 

I'oiik IjOjicI 

Jjoacl Far tor 

]’lant 

Ivw.-lir. 

ICw. 


(Millions) 

(ThfuisiiiuLs) 

I’rr f^ent 

i 

Blackstone Valloy 

no 

38 

39, 4\ 

Buffalo (icn. EJoc. . 

587 

142 

47 3 \ 

Clovcland Eloc., III. 

088 

ISl 

43 5 

Cleveland . . 

no 

25 

52 3 \ 

Consolidated (las, Baltimore 

5(»8 

139 

40 5 \ 

Consumers Power 

402 

IK) 

45 5 ' 

Dayton Power tk Lt. 

100 

10 

39 7 

Denver Cas dir El. 

103 

2\) 

40 0 

Duquesne Light Co, . . 

Edison Companies 

858 

20(1 

40.8 

Boston ... 

43<) 

133 

37 7 

Brooklyn 

517 

104 

3(i 0 

Commonwealth 

2225 

000 

47 5 

Detroit 

1105 

255 

49 5 

Metropolitan 

New York . .. 

127 

1050 

22 

407 

47 0 

38 0 

Southern Calif. . . 

noo 

239 

57.2 

Toledo . . . 

210 

58 

42 5 

Hartford Elee. Lt . . . 

134 

50 

27.3 

Indianapolis Lt. . . 

138 

38 

38 5 

Kansas City Power 

253 

59 

49 0 

Minncajiolis, G 10 

42() 

102 

47 5 

Narragansett El .... 

297 

85 

3!) 9 

Nebraska Powt'r . 

no 

30 

53 4 

Niagara Falls Power 

2252 

329 

78 0 

North Am. (Alis.) 

554 

131 

17 0 

Pacific, Gas tSr; Eh'c.. . . 

1009 

294 

02 5 

Penn. Power Co. . 

495 

107 

52 8 

Philadelphia 101 oc 

Pub. Service Cos. 

957 

2(i0 

42 9 

Central 111. 

128 

' 31 

47 0 

New Jersey 

958 

250 

42 1 

Northern 111. . . 

302 

83 

49 9 

Ohio ... 

317 

SO 

45 2 

Rochester Gas & El. . . 

193 

53 

39.4 

West Penn. 

035 

■ 137 

53.0 

Union Gas & 101 ec. 

3()0 

100 

41 8 

United Light. . . 

129 

35 

42.1 


The diversity factor may be defined as the ratio of the sum of the indi- 
vidual maximum demands of a number of loads during a specified period 
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to the simultaneous maximum demand of all these same loads during the 
same period. If all the loads in a group impose their maximum demands 
at the same time, then, the diversity factor of that group will be unity. 
Expressed algebraically 

V. i- ^ f^um of in(li\idual maximum demands /noP 7 \ 

Diversity factor = : ^ r—z — (287) 

maximum demand ot entire group 

The diversity factor has a very significant bearing on reciucing the cost of 
power; namely, diversity of demand. 



Fig. 672. Typical Daily l^oacJ Curve. Tall Office Building, Chicago. 

Few central stations are favored with a constant load. The peak of 
the industrial load occurs during the daytime, that of the railway load 
for a iieriod in the morning and again in the evening, that of the lighting 
load for the early evening, etc. Since tlie maximum demands of the 
various customers of th(^ different classes do not oiaair at the same time, 
the machinery useef to supiily one class of servi(;c at one period may be 
used to supply other kinds of loads at another, whereas, if the peaks 
occurred simultaneously the plant would recpiire capacity enough to 
supply the sum of all the maximum demands of the different customers. 
The combined maximum demand imposed on the average central station 
is usually less than half the sum of all t]i(‘ maximum demands of the 
various customers; therefore, the investiiKMit involved in providing the 
service is approximately half of what it would be if the demands occurred 
simultaneously. 
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TABLE 112 

DIVERSITY FACTORS AMONG THE DIFFERENT ELEMENTS OF A CENTRAL-STATION 

DISTRIBUTING SYSTEM 
(II. H (]ear) 


Eionienis of Distributing System 

Diversity Factors 

He-sidenco 
Light! ng 

Commercial 

Lighting 

Geneiul 

Pow er 

Large 

Users 

Among consumers 

3.36 

1 46 

1.44 


Among transformers 

1.30 

1.30 

1 35 

1.15 

Among feeders. 

1 15 

1.15 

1.15 

1 15 

Among Hub-sliitioiis 

1 10 

1.10 

1.10 

1.10 i 

Consumer to transformer . 

3 36 

1.46 

1.44 

! 

Consumer to feeder. . 

4 35 

1.91 

1 95 

1.15 \ 

Consumer to sub-station 

5.00 

2 19 

2.24 

1 32 \ 

Consumer to generator. . 

5.53 

2 41 

2 45 

1.45 \ 

i 

1 


TAJiLE 113 

CENTRAL STATIONS, DEMAND FACTORS 
Domand factors compiled by Cominoniaealth Kdinon Company of C^hicaRo 
Clasa of Sbuvice 


Demand P’actor 


Lighting cusloincTs: 

Billboards, monumontfi, Jind (lopartmcjnt stores ... 85 6 

Offices 72 4 

Residences and barns . . ... 60 0 

Retail stores .... 66.3 

Wholesale stores 70 1 

Average . 69.8 

Motor customers: 

Offices 65.1 

Public gathering places and hotels 28 7 

Residences and barns . . 69 3 

Retail stores ... ... 612 

Wholesale stores and shops 58 2 

Average. 59 4 


The values given in Table 112 are fairly typical and may be used for 
estimating purposes tvherc specific data are not available. 

Example 91. — Estimate the maximum demand on the various ele- 
ments of the generating and distributing system if a group of residence 
customers are all connected to one transformer, assuming that the maxi- 
mum peak demand of the group is 42 kw. 
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Solution. — Using the values in Table 112 we have 
Max. demand on 


Transformer = 42 

Feeder = 12.5 
Sub-station = 9.61 
Generator = S.^Ki 


3.36 = 12.5 kw. 
1.30 = 9.61 kw. 
1.15 = 8.36 kw. 
1.1 = 7.6 kw. 


Hence, allowing 25 per cent loss betwei^n eustomor's inetc'r and generator, 
7.6 H- 0.75 = 10.0 + kw. generator capacity must be available at the 
station to furnish the custom(u\s with their maximum demand of current. 



Fio. G73. C\)inp()sitc Load Curve. (Commonwealth Edison Co. 


The term power factor applies to alternating-current generation only 
and is defined as the ratio of the true power or kw. measured by a watt- 
meter to the appateiit power or kilovolt-amperes (kva.). The actual 
output in kw., therefore^, is ecpial to the kilovolt-amperes multiplied by 
the power factor (F). Thus, the i.hp. of an engine required for an alter- 
nating-current engine-gen(?rator s(dy may be expressed 

i.hp. = 1.34 kva. X F E (288) 


in which 

E = mechanical eflSciency of the entire unit. 
Other notations as interpreted above. 
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The power factor varies with the nature of the (electrical load, and 
varies from 0.95 for a plant in which the load is larj»;ely due to the use of 
synchronous motors or rotary (eonvertcrs to 0.70 wIktc a large part of 
the station load is due to the use of induction motors, electric furnaces, 
or arc lighting. In the average large central station generating current 
for lighting and power, the power factor is approximatcely 0.80. 


Operating Code Dvjirdtions: N.E.L.A. Report, of Prime IV h) vers Committee, T3, 1922, 
p. 337. 

A.S.M.E Code on Definitions and Values: Mech. Enprf^., Sept., 1923, j). 548. 

Ijoad, Factor; Its Dejinilion and Use: Tlie (‘:madian EiiRr., Jan. 20, 1921, p. 149. 
Effect of Load Factor on Steam-stat um Costs: Pow(‘r, Jan. 1, 1921, p 24. 

Diversity and Diversity Faettu’s^ 4\‘rrell Croft, Power, Feb. (i, 1917, p. 171. | 

Power Factor Problems in Industrial Plants: Power Plant EiigrR., Nov, 1, 4923, 
p. 1087. \ 



Fig. 674. Typical Daily Load Curve. Lar^e Apartment Building. 


In any system the total fixed charges per year are constant irrespective 
of the load factor, since interest, taxes, depreciation, insurance, and main- 
tenance go on whether the plant is in operation or liot. The total fixed 
charges for a specific c^ase arc illustrated in Fig. 075 hy a straight line. 
The fixed charges per kw-hr., however, decrease as the load factor in- 
creases. Considering the values in Fig. 075, with the plant operating 
continuously for 8760 hr. at rated load (100 per cent load factor) the fixed 
charges per kw-hr. are 

65,000/(5000 X 8760) = $0.00148. 

With 30 per cent load factor these charges are 

65,000/0.3(5000 X 8760) = $0.00495 kw-hr. 
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The higher the load factor, the greater is the ainoiuil of power jiroduced 
and the longer does the apparatus work at best elliciency. But the 
greater the power produced, the larger will be the fuel consumption and 
the oil and suppl>^ recpiirements. The labor (‘barges will be praciticrally 
constant. The total oiieriiting cost per year increases as the load factor 



Fig. 075. Influence of Loud Factor on (^/ost of Power at Switcliboard 
(Maxiiniiin Load 5000 Ivw.). 


I 

>» 

I 


increases, but not directly. (See Fig. (>75.) The cost per kw-hr., how- 
ever, decreases as the load factor increases. For example, the operating 
costs i)er year with plant operating continuously at full load are $230,200. 
This gives 

230,200/(5000 X 8760) = $0.00525 pei‘ kw-hr. 

With 30 per cenf load factor the total yearly operating (diarges are 
$87,980, which gives 

87,980/0.3(5000 X 87()0) = $0.0007 per kw-hr. 

In general, the higher the load facdor, the greater becomes the ratio of 
the operating to tlu' fix(;d charges, and (ixtra investment may become 
advisable to secure the greatest possible economy. 

On the other hand, when the load factor is low the fixed charges are 
the governing factor in the cost of y)ower, and extra expenditures must 
be carefully considered, particularly if fuel is cheap. 
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The total fixed charges arc frequently as great if not greater than the 
actual operating costs, and must necessarily be included in arriving at 
the total overall cost. 

359. Cost of Power. General. — The actual cost of producing power 
depends upon the goograi)lii(jal location of the jdant, cost of fuel and 
labor, the size of apparatus, the design, conditions of loading system, 
of distribution and the method of accounting. Comparisons based on 
the cost per hp-hr. or \wv lii)-yr., or the (Mpiivalent ar(' witliout purpose 
because of the many variables entering into tJu' ])ro))lem. It is impossible 
to intelligently (compare c,osts or to obtain a. tnu' imderstanding of what 
costs for i)ow('T really mean without a thorough knowledge of the various 
items entering into th(^ unit cost siu^h as (josts of fiud, oil, waste, rc^pairs, 
labor, insurance, tax('S, management, distribution, mainienanert and 
allowance for depr(‘ciation. In addition to these' an unde'rstandingmiust 
be had of the operating conditions, such as siz(^ of plant, load hector, 
variation in load, ratio of the maximum load to the economic, full ioad, 
number of hours a day the plant is operated and the like. With (^ach 
plant having an individuality distinetJy its own, in so bir as the charges 
which go to make up the ultimate cost is (^oncenu'd, it is pra(*,tically im- 
possible to arrive at any definite conclusion as to the manner in whi(^h the 
real cost of power may be correctly determined for pur])oses of compari- 
son. Perhaps the b(\st method of stating station economy is to give the 
average yearly hcuit units supplied by the fuel i)er kw-hr. delivered to the 
switchboard, and tlie load factor. This (diminates price and quality 
of fuel and offers a fairly satisfactory criterion of the effifdc'ncy of operation. 

In any case the cost of i^owc'r is based upoji th(' exi)cnse which is in- 
dependent of the output, or fixed c/m/Y/c.s, and that wliich is a function of 
the output, or operating eoi^tn. In the small j)lant the items included 
in the fixed and operating costs an^ comi)arativ('ly few in number and 
require but an ek'nientary knowledge of bookkeeiiing, but in large indus- 
trial organizations or central stations the number of s('j)arate items to he 
considered may run into the hundrc'ds and necessitate a complex system 
of accounting. Some id(^•i of the different systems (‘i;iiployed with examples 
of cost of power in specific cases may be gained from an inspection of 
Tables 124 to 134. 

360. Fixed Charges. — These cover all expenses which do not expand 
and contract with the output. In the privately owned plant the fixed 
charges are usually limit ('d to interest on the investment, rental, deprecia- 
tion, taxes, insuram^e and sometinu's maintenance, though the latter is 
ordinarily included in the operating (iosts. The accounting systems for 
public electric light and power companies are usually prescribed by the 
Public Utility Commission of the state in which the plant is located and 
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the variou.s charges must necessarily conform witli llic rules formulated 
by this Commission. 

361. Interest. — The rates of interest on borrowed money vary with 
the nature of the security. In the case of small ix)wer plants, the form 
of security is usually a first mortgage bond on the plant and equipment. 
In the larger plants, the moiK'y or credit may be obtained through the 
sale of stocks, collateral notes, debenture boiuls, aiul other classes of 
securities. If a builder has sufficient funds to construct the plant with- 
out borrowing, he should charge against the item interest the income 
which the sum involved would bring if placed out at- interest or if con- 
servatively invested in his own business. In estimating the interest 


TABLE 114 

COST OF MECHANICAL EQUIPMENT STEAM TUlinO-ELEtTltlC OENETlATTN(; STATIONS 

OO.OOO kw (':ip;irn\ 

(i92;n 


per Kw 



limit 

kdw 

Preparing silo — Dismantling and nnnoving si riicl ur(‘s from 



site, making construction roads, tracks, etc. 

Yard Work Intak(‘ and di.scliargc tl nines for condensing 

water, railway siding, grading, fencing sidewalks 

%i) 50 

s . 

S 00 

() 00 

Foundations — liicl uding foiindat ions for building, stacks, and 
machinery, together willi excaval ion, [liling, watcrjirooling, 

10 00 

S 00 

Building — Including frame, walls, floors, roofs, windows 
and doors, coal bunker, elc . bid oxelusive of foundations, 
heating, plumbing, and lighling 

15 (H) 

12.00 

Boili’.r-room EAjinpment - Including boileis, stokers, Hues, 
stacks, feed fiuinps, feealwater heater, eeonomiya'rs, me- 
chanical diaft, and all piping and pipe covering for (‘iihrc' 
station except condenser water pijiing 

55 00 

2S 00 

Turbine-room E(i|ui])meiit — Including steam turbines and 
generators, condeiisi^rs with eondiuiser auxiliaries and wat(‘r 
piping, oiling syslem, ele 

50 00 

25. (X) 

Electrical Swdiching lOfniijiment - Including exeilcrs of all 
kinds, masonry switcli structure with all swilcliboards, 
switches, instruments, etc., and all wiring except for build- 
ing lighting ... 

15 00 

12.00 

Service Eciuipment — Such as cranes, lighting, liealing, 
plumbing, fire jirotection, compressed an, fiirnitur(\ pei- 
inanent tools, coal- and ash-handling machinery, elc. 

14 (X) 

10 00 

Starting Up — Labor, fuel, and supplies for getting jdaiit ri'ady 
to carry useful load 

1 50 

1 00 

General Charges — Such as engineering, iiurchasing, su|)er- 
vision, clerical work, construction plant and sui)pli(‘s, 
watchmen, cleaning up ... . 

S 00 

0 (X) 

Total cost of plant to owner, exc.ept land and interest during 

— 


construction 

|Jiil57 (X) 

$108 00 
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chargevS, 6 i)cr cent of the capital invested is ordinarily assumed unless 
specific figures are available. Initial costs for various types of plants 
are to be found in the accompanying tables, but so much depends upon 
the grades of ecpiipmerit, market price of mat(?rials, cost of labor, and 
plant location that tliese figures are only of academic value. 

Cost of Monvi! to UUlilies- Kl(‘c. Wld., Sopt. 15, 1923, p. 538. 

Power Acvoimts — Interest: Powct, Oci. 25, 1921, p. 036. 
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APrUOXllVl ATE AVEUAOE (X)ST OK MODEItTs STEAM TUIUIf)-EI.E(TlllC PLANTS 

((’ONDENSTNO) j 

(io2;o 1 


Units and Auxiliarios lii.slalli'd and Utoclcd 


Size of Plant — K\v. 


r >()0 

1000 

2r»o() 

.■iOOO 

I'o.ooo 

Bldg. r(!til (astute, excavjit ing . 

$()0 00 

$r>ry 00 

•U K) 00 

$40 00 

136.00 

''rurbo-geiiorat ors 

40 (K) 

35 00 

30 (M) 

25 00 

23 00 

CondorKsiiig (‘(piiprnent, 

25 00 

20 00 

15 00 

10 00 

8.50 

Boilers, st-okers, stacks 

55 00 

50 00 

45 00 

42 00 

40 00 . 

Blinkers and eonvevors 

Boiler feed and si’rvice ])unii)s, 

10 00 

10 00 

8 50 

S 00 

7 00 

heaters 

5 00 

4 00 

3 00 

2 00 

2.00 

Swifchlioiird and wiring . . 

9 00 

<S 00 

7.00 

7 00 

6 50 

Exciters 

1 00 

3 (K) 

2 50 

2 00 

1 50 

Piping 

SiJ[)erintending, engrg,, contin- 

9 00 

10.00 

1 1 00 

12 00 

13 00 

gencies, etc. . 

23 00 

20 00 

17 00 

IS 00 

17 50 

3'otal 

.1240 00 

»2I5 00 

-1185 00 

Slot) 00 

6155.00 


lOach plant is providc'd with a sjiari' boilor and sucdi extra apparatus as is consistent 
with good praclic(‘. Boiler pressure 175 lb. gage. Superheat 125 deg. fahr. 

Average figures of this nature are apt to be misleading when applied to any par- 
ticular case, because of (he wide variation in the individual characteristics of each 
plant. They arc intended iiKuely as a rough guide to the variation in cost with size. 

362. Maintenance. — Mnintonance usually rcfci:s to the expense of 
keeping the plant in running order over tind al)ovc the cost of attendance, 
although the term is fn^piently used in place of “ repairs.'' It includes 
cost of upket^p, rei)lacemeiit, and precautionary measures. The last item 
includes the renewal of working parts, p.ainting of perishable or exposed 
material, and n'plticing woni-oiit and defective material. Many engi- 
neers make no allowance for maintenance in the fixed charges and include 
these costs under suppliers, attendance, or repairs. In a general way, 
when maintenance is included under the fixed charges, an annual charge 
of 2 per cent is considered a liberal allowance, since most of the repair 



FINANCE AND ECONOMICS — COST OF POWER 


875 


work comes under attendance. In central station })ractice, maintenance 
is divided among the several parts of the s^^stein as follows: Buildings, 
steam appliances, electrical equipment, and iniscollanoo\is. In this con- 
nection the maintenance becomes a part, of the o])(M’ating charges, since 
the various items vary widely from month to month. 

363. Taxes and Insurance. — Taxes vary from a fraction of one per 
cent to 3 per cent, depending upon tlie location of the ])lant . An average 
figure is 2 per cent of the actual value of the inv('s(ment. Buildings 
and machinery are ordinarily insured for fire loss, and boik'rs, (‘om])ressor 
tanks, and laessure vessels against accidental explosions. Accident 
policies are sometimes carried on all operating machinery. A fair charge 
for this item is one-half per cent. 

TABLE no* 

COST OF MKCIIANICAL EQCll'MENT* 

F.O.B. Eactouy 
(1924) 

Boiler Room 

pvi ho'dvr horsepower 


Air preheaters $5 0()~$1() 00 

Ash gates, power durniis, hoppers, and gates 4 00 - 00 

Blowers ; 

Multi vane, motor-drive, automatic regulation . 2 0(^ 3 00 

ITndergrate turbo blower 0 75- 1 00 

Vano I 00- 1 50 

Boilers : 

Straight tube, 250 llx pressure and under 20 00- 30 00 

Curved tube, 250 lb. pressun', and under. .IS 00- 20 00 

Straight tube, 250 11). i)ressure and over 30 00- 75 00 

Horizontal return tubular 12 00- IS 00 

Fire box, locomotive type and vertical tubular. 30 00- 40 00 

Boiler insulation 0 20 ~ 0.30 

Boiler settings: 

Horizontal return tubular 0 00 - 9 00 

Water tube, low head room 0 00™ 12.00 

Water tube, high head room 10 00- 15 00 

Chimneys : 

Concrete 5 . 00- 10 . 00 

Radial brick 3.00- 8.00 

Self-sustaining steel 3 00- 9 . (X) 

Chimney insulation, asbestos 2 50 - 4 50 

Economizers 14.00- 25.00 

Feed pumps: 

Centrifugal 0.25- 1 00 

Reciprocating 0 . 40- 0 . 60 


Courtesy of Himelblau and Agaziin, Chicago. 
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Feedwater heaters: 

Closed 0.90- 1 50 

Open 0.40- 1.50 

Feedwater regulators .. 0.25 

Soot blowers 0 . 50- 1 . 00 

Stokers : 

Hand, with hopper feed 4.25- 9.25 

Hand, without hoppiir feed . 3.00- 5.(X3 

Heeiproealing 8 00- 10 00 

V-tyjH', natural draft, taigine, auto., o(c 10 00- 16.00 

Traveling grate, naturiil draft, engine!, shafting, ete. . 20 (X)- 25 (K) 

I'raveling grate, forced draft, engine, shafting, etc. . . 40 00- 50 00 

Underfeed, single retort conj))lete ... 9.00- 13, (K) 

Underfeed, inultijde retort, engine drive, shafts, ete.. . 12.50- 18 50 

Undiirfeed inultiiile rtdort, eoinplete with rotary jiower 

dump 17.00- 23. (K) 

Superheaters : 

Curved-tube 1)0 ders .. 4.00- 7.00 

Horizontal-return tubular boilers 4.00- 9 00 

Straight-tube boilers 3 50- 12.00 

Engine TIoom 

Turbines, steam . . ... 16.00- 30 00 per br. hp. 

Turl)o-alternators ... 18.00- 32 00 per kw. 

Engines: 

(Corliss, simple .. 25.00- 30 00 per i.hp. 

Ckirhss, (!ompound ... . . 35 00- 40 00 

(k)rliss, non-releasing 16 00- 40.00 

Popjict valve . .... 16 00- 33 00 

Uniflow' 20.00- 45.00 

Condensers, jet ((!0st jier 1000 lb. steam) . . 200.00-500 00 

Condensers, surface, cost per sq. ft. 2.60- 4 50 


304 . Depredation. — Doprecijition inay be defined as a decrease in 
value occasioned t)y wear or ag:e, chang;e of conditions rendering; the plant 
inadequate for its particular functions, or change in the art rendering it 
obsoletti as conqiared with recent installations. Depreciation may be 
conveniently classified as: 

Natural depreciation, or the gradual decrease in value occasioned by 
wear and age. This may be largely offset by maintenance. 

Functional depreciation due to obsolescence, inadequacy or destruction 
by any cause. A thing is obsolete when it has been rendered valueless 
as the result of changi*. in the art, and this may occur where no physical 
deterioration has taken place. A thing is inadequate when it is incapable 
of fully performing the function for which it is intended. Inadequacy 
indicates neither physical depreciation nor obsolescence; it may result 
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from expansion of markets, eoinmunity growth and the like. Obsolcs- 
cenee, inadequacy, and destruction cannot be predicted and (‘harges 
against this class of depreciation are naturally conjc'ctural. 

The term depreciation is frequently used when the term aniorti' 
zation” would be more appropriate. Amortization refers to the retirement 
of invested capital, while depreciation is loss of value. 


TABLE 117 

APPUOXIMATE COST OV UADIAL HRK^K STA(^KS 


( 11123 ) 


Height, Ft. 

Diiim., Ft. 

Coal 

ncighl, Fl 

Diiuii., I'L. 

Coat 

75 

4'0" 

SlTfK) 00 

175 

S'O" 

% 7,2.50 00 

75 

O'O" 

2100 00 

175 

lO'O" 

0.2(X) 00 

75 

H'O" 

22.')0 00 

175 

12'0" 

10..5(X) 00 

75 

lO'O" 

27(K) (K) 

175 

It'O" 

12,5(X) 00 

125 

6'0" 

3S(X) (XI 

2(H) 

S'O" 

0.5(X) 00 

125 

H'O" 

4.5.50 (X) 

2(X) 

lO'O" 

I0,3(X) (X) 

125 

lO'O" 

.5:XX) (X) 

2(X) 

12'0" 

i:k2(Kl (H) 

125 

12'0" 

(XXX) 00 

200 

ll'O" 

15.(X)0 (K) 

150 

8'0" 

0700 00 

250 

lO'O" 

IS. 100 00 

150 

mv' 

71(K) (K) 

250 

I2'0" 

10,0iX) (X) 

150 

12'0" 

S2(K) (X) 

2.50 

pro" 

21,(X)0 00 

150 

iro" 

0,500 (XJ 

2.50 

lO'O" 

2‘A,m) (X) 


CosIh of common brick chimneys, 3/4 lined, :iic' iipprox. 1 3 tunes the tabular 
values. 

Reinforced concr(‘te chimneys U}) to 12r> ft. in height by 5 ft. in diameter cost about 
the same as radial brick; 150 ft. in lieight by 7 ft. in diaiiK'ler about 12 fier cent l(‘ss; 
200 ft. by 10 ft. about 20 per cent less and 250 ft. by 10 ft. aliout 25 per cent less. 

Costs of full-lined self-sujiporting steel stacks about 1.1 to 1.2 times the tabular 
values. 


There are several methods of dealing with depreciation; amojig tlie 
more common may be mentioned: 

(1) Charging to earnings in good years and crediting to amortization 
reserve such anioums as the profits from operation permit. 

(2) Charging to efirnings the amortization as it matures and necessi- 
tates renewals. 

(3) Charging to earnings and crediting to amortization reserve an- 
nually a certain percentage; of the cost determined b}^ the average weighted 
life of the property. 

In central-station practice, it is customary tn establish a reserve fund 
to allow for depreciation, based on the original c;ost of the property less 
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salvage or junk value, spread over a period of years approximating the 
useful life of tlic plant. If depreciation is considered to include the main- 
tenance which is charged to expense directly, it would be proi)er to set 
aside as a reserve a fixed percentage of the decreasing value of the plant 
to represent the unmatur(*(l decadem^e. This ideal situation would 
ecpializc the total burdc'ii over the life by making the depreciation allow- 
ance larg('st when the rej)airs are smallest, and conversely the deprecia- 
tion allowancci sniall(\st wluni the rejiairs are largest at the end of the 
useful life of the plant. If the system were (composed of many small 
units not recpiiring nmewal at or lu^ar the same time, no special reserve 
would be nec,(\ssary, as all n^placernents cxnild be charged direqtly to 
oiierating ex])ensi‘s because these amounts would be inconsideralblc in 
any oik', year. In tlu^ larger c.(mtral station, however, a consicbrable 
portion of tlui jilant is composed of large units which the rapid develop- 
ment of the art and growth of business may render obsolete long before 
their natural life has expired. As a n^sult of and to provide for \ this 
condition, depn^ciation reserve^s are a,ccumulated cather by the straight- 
line or sinking-fund method. 


TABLE 118 

Functional Life or Various Portions of Steam Power Plant Equipment 


Years Years 

Belts 8-15 (Joiicmtors, si.c 20-35 

Boilers, fire tu])e 20-35 Generators, d.c 20-35 

Boilers, watt;r tube 25—10 Heaters, closed 20-40 

Buildings, masonry 25-00 Heaters, oy)en . . 25-50 

Buildings, wooden or sheet iron . 15-30 Motors. 20-35 

("himneys, nia.sonrv. 30-00 Ihping, exposc'd 10-20 

Chimney, self-sustaining sted ... 2.5-50 Piping, protected . . 15-35 

Chimneys, sheet iron, guyed. ... 8-15 Pumps 2B-40 

Coal conveyors, belt 8-20 Rotary Iransformers . 20-30 

Coal conveyors, blanket 10-25 Stokers, chain-grate 20-30 

Condensers, jid 2.5-50 Stokers, underfeed. . .... 20-30 

Condensers, surface 20-10 Storage batterie.'^ . . . 10-20 

Economizers, castdron 20 30 Transformers 1.5-30 

Economizers, steel . . 10-20 Turbines, steam . . 20-40 

Engines, high-spiM'd 20-40 Wiring 10-20 

Engines, low-speed 2.5- .50 ('oinyiosite yilant 20-30 


Note. — So much flepends upon the design and the conditions of operation that 
average values for actual yihysical life are without ymryiose Practice shows that most 
jiower-plant aj)phain‘es become obsolete or inadeipiate long before the limit of their 
physical life is reached. The values above are purely arbitrary but serve to show the 
range in functional life assumed by various companies in establishing amortization 
annuities. 
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TABLE 119 

DEPRECI \TION ANNUITY 
(IVr f VmH Ilf FjihI Co.h1) 


IliiU* n( IiiliMfsl, IVi (’’(Mil 



2 

2 i) 


;{ 

t 

*1 

5 



(> 

7 

s 

') 

in 


2 

40 

50 

19 

37 

19 

27 

10 

14 

19 

02 

48 

!t0 

IS 

.78 

IS 

()(i 

48 

54 

18 

31 

IS 

07 

17 84 

47.02 


3 

32 

07 

32 

.51 

32 

35 

32 

19 

;i2 

03 

31 

88 

31 

72 

31 

50 

31 

41 

31 

10 

.30 

80 

DO .'ll 

30.21 


4 

24 

2(; 

24 

08 

23 

.90 

23 

7‘) 

23 

55 

23 

38 

23 

20 

23 

03 

22 

8(i 

22 

.52 

22 

19 

21 S() 

21 55 


f) 

19 

.21 

19 

.02 

IS 

.83 

IS 

05 

IS 

40 

18 

28 

18 

10 

17 

91 

17 

71 

T7 

39 

T7 

01 

10 71 

10 38 

§ 

6 

15 

85 

15 

.05 

15 

40 

15 

20 

15 

OS 

1 1 

89 

1 f 

70 

1 1 

52 

14 

31 

13 

98 

13 

(i3 

13 29 

12 !>() 

"♦a 

7 

13 

.45 

13 

.25 

13 

05 

12 

85 

12 

0(i 

12 

17 

12 

28 

12 

09 

11 

91 

11 

15 

11 

20 

10 ,S7 

10 54 


8 

11 

.05 

11 

44 

11 

24 

11 

05 

10 

85 

10 

00 

10 

17 

10 

28 

10 

10 

9 

75 

9 

10 

9 0(1 

S 74 

% 

9 

10 

25 

10 

04 

9 

SI 

9 

01 

! 9 

15 

9 

2() 

9 

07 

S 

88 

8 

70 

8 

35 

8 

(K) 

7 ()S 

7 D(i 

< 

10 

0 

13 

S 

92 

K 

72 

8 

52 

! 8 

33 

8 

1 1 

i 

95 

7 

70 

7 

59 

t 

2.3 

() 

90 

0 ,58 

(!.27 


11 

H 

22 

8 

01 

7 

81 

7 

m 

/ 

11 

7 

22 

7 

01 

(i 

SO 

0 

08 

(i 

3.3 

0 

00 

5 00 

5.40 

o 

12 

7 

15 

7. 

25 

7 

01 

0 

85 

() 

05 

0 

40 

0 

28 

0 

10 

5 

93 

■^> 

00 

5 

27 

1 97 

4.08 


13 

0 

81 

0 

00 

0 

10 

(i 

20 

1) 

01 

5 

83 

5 

(it 

5 

47 

5 

29 

4 

9(i 

4 

05 

1..30 

4.08 


14 

0 

20 

0 

05 

5 

85 

5 

.05 

5 

17 

5 

28 

5 

10 

1 

93 

1 

70 

4 

43 

4 

13 

3.81 

3.58 


If) 

5 

78 

5 

57 

5 

38 

5 

18 

4 

99 

4 

81 

1 

(i3 

1 

k; 

1 

29 

3 

98 

3 

08 

3.40 

3.15 


10 

5 

30 

5 

10 

1 

90 

1 

77 

i 4 

58 

1 

40 

1 

22 

1 

00 

3 

89 

3 

58 

3 

30 

3 03 

2 78 

P 

17 

5 

00 

4 

.79 

1 

59 

4 

10 

4 

22 

1 

01 

3 

87 

3 

70 

3 

51 

3 

24 

2 

9f) 

2 71 

2 47 


IS 

4 

07 

4 

40 

1 

27 

4 

08 

3 

90 

3 

72 

3 

55 

3 

:;9 

3 

23 

2 

91 

2 

07 

2.42 

2 10 

V 

H) 

4 

,38 

4 

17 

3 

98 

3 

79 

3 

01 

3 

11 

3 

27 

3 

11 

2 

90 

‘) 

07 

2 

11 

2.17 

1 05 

CQ 

20 

4 

11 

3 

91 

3 

72 

3 

53 

3 

30 

3 

19 

3 

02 


87 

2 

72 

•> 

41 

2 

18 

1.95 

1 .75 

25 

3 

12 

2 

92 

2 

74 

2 

50 

2 , 

,40 

2 

21 

2 

09 

T 

95 

T, 

.82 

T 

58 

1 

37 

1 18 

1 .02 

< 

30 

2 

46 

2 

27 

2 

10 

1 

94 

1 

78 

1 1 

(VI 

T 

50 

1 

38 

1 

2(i 

1 

00 

0 

88 

0 73 

0.01 


35 

2 

00 

1 

82 

1 1 

05 

1 

50 

1 

3() 

1 

23 

1 

10 

1 

00 

0 

90 

0 

72 

0 

58 

0 K) 

0.37 


40 

1 

05 

1 

48 

1 1 

33 

1 

.18 

1 

05 

0 

93 

0 

S3 

0 

73 

0 

(i4 

0 

.50 

0 

38 

0 29 

0.22 


45 

1 

.39 

1 

23 

1 

.08 

0 

94 

0 

83 

0 

72 

0 

(i2 

0 

51 

0 

47 

0 

35 

0 

20 

0.19 

0 14 


50 

1 

.18 

1 

03 

0 

89 

0 

70 

0 

05 

0 

50 

0 

48 

0 

10 

0 

31 

0 

25l 

0 

17 

0 12 

0 09 


Straight-line Method. — This inothod is lnis(‘(l on Iho assuniplion that 
if the total investment, loss salvaf 2 ;e, is divided by th(‘ fiinetional or as- 
sumed life of the plant, the resultinp; quotient expresses the amortization 
installment or the amount which should he allowi'd eax^h year to cover 
the accrued amortization. This is the simj)lest of tlu^ several methods 
that have been sufi;p;ested for cidculalin^ de])reci:if ion annuities with 
which to establish dofireciatioji funds, and for short-lived plants it offers 
a fairly satisfactoiy means of estimating: iho dc‘preciat.cHl value. The 
straight-line method is shown graphically in Fig. f)7(). The original c.ost 
is composed of the net cost of labor and material plus the overhead (the 
extra charge intended to cover engineering and archit(‘c,tural fees, fire 
and liability insurance, and interest on the investment during construc- 
tion; contractors' profits on the portion of th(‘ work not done by the com- 
pany itself; legal organization and incidcmtal expemse). The functional 
life of the plant is a puredy arbitrary quantity and is supposed to repre- 
sent the weighted average period of usefulness of the various units com- 
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posing the plant. The actual physical life of the various units compos- 
ing the plant can only be apj)roximate(l, since everything depends on the 
grade of material, workmanship, and upkeep. Most power-plant appli- 

TABLE 120 

TYPJCAn DI-EIIATINO CHAUT 

DAILY POWER-HOUSE REPORT 

The Tnited Light and Power Co. 

Division 


Woathor — Noon 


Inc current on 
Street area on 


staileil . 

. M 

stopped 

.. M 

Hr. 

Total t line run 

1 Miu. 

stai (ed 

M 

.stopped 

M 

Total time run 

1 


M 

on- 

...M 

Tolaltimoon .... 

.\ 


M 

off . . 

M 

Total time on 

\ 

\ 


AMPKHM UKADINCS 


12 00 

12 30 

I 00 

1 :io 

2 00 

2 30 

G 4ri 

7 00 

7 l.-i 

7 30 

7 4r, 

S 00 1 

2 00 

3 (M) 

4 00 

5 00 

5 ir» 

1 ."J 30 1 


3 00 

1 3 .10 1 

4 00 

1 1.) 

4 30 

4 4.5 

.'i 00 

.5 1.". 

5 30 

.') 4.') 

G 00 

G 15 

6 30 

s ir, 

s to| 

H 1.) 

0 00 

0 If) 

0 30 

}) I,') 

|io 00 

10 30 

II 00 

11 30 

12 00 

100 

r. 4.') 

0 00 

(i 1.') 

6 30 

G 4.^» 

7 00 

7 ir. 

7 .30 

7 4.') 

1 8 00 

0 00 

10 00 

11 00 


Coal used . 
Cylinder oil . . . 

KiiRine oil 

Waste 

Water 

(\irl)ons . . 

CJ lobes outer 


lb Coal Received on Track. Boileis in Service. 

pt. ('ar No. No 1 from in to 

pt. IniUal No. 2 from m to 

lb Time placed m No 3 frofii m to 

u. fl. Time released m Washed No. 

Weipht lb. Blew No. 

r . A.shc.s sold . . . .... .loads to 


Material Received for Power House Use. . 


Total Kilowatt Output 
Read meter 12 o'clock noon 


Meter to-day 
Meter yesterday 
- Diff. 


Kw. 

. . .Kw. 


Report here ANY interruption of service eillior arc or iiicundesrcnt. 
Time off ..Cause 

Arc liRlits out • - - 

Lights 


Location Reported by 
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ances become obsolete or inadequate lonp: before the limit of their physical 
life is reached. If the actual physical life could be accurately determined 
and the annual c-ost of repairs and upkeep \v('re uniform, the straipht- 
linc method would be accurate for calcailatinp; the d('preciated value; 
but since this is seldom, if ever, the case, this method should be used only 



for determining: depreciation animitirs. The various values on tlio dia- 
gram in Fig. ()7G may be ex])ressed algebraicall^^ tlius 


j) = (C - 

(2S9) 

r = s + (c - s) 

(290) 

A = C - V 

(291) 


in which 

D = amortization installnunt or (U^preciation annuity, 

C = first or original cost, 

S = salvage value, 

A — accrued depreciation annuity, 

V = th(' depnaaated or present value, 
m = age of the plant, 
n = functional life. 

Smking-fuvd Method. — According to this method of calculating de- 
preciation annuities, it is assumed that the ficcTiad depreciation of the 
property is the amount already ac.cumulated in a sinking fund that was 
begun when the property was first put into service, and the annuities of 
which arc su(‘h that at compound interest the amount at the end of the 
functional life of the property will equal the first cost. The various 
factors entering into the problem as shown in Fig. 677 are based or the 
following equations, which may be found in text books on compound 
interest. 
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'’J’hc! value of 1 placed at compound interest (rate = r) at the end of 
n years is 

(1 + 

The amount of an annuity of 1 in n years is 

[(I + r)» - 1] r. 

The present value of iin annuity of 1 for n years is 
[(1 + /■)" - 1] H- r(l + r)\ 

The annuity which 1 will purchase for n years is 

[,(1 + ^ [(, + r )” - 1], 

The annuity which would amount to 1 in n years is 

r [(1 + ?•)” — ]]. 

Appl 3 dng these fundamental equations to the values in Fig. 677, we 
have 

D = (C - S)r ^ [(1 + r)" - ]]. (293) 

V = S + (C - N) [l - i ] (294) 

A = C - (295) 

All notations as in (H|iuit.ions (289) to (201). 

The sinking-fund method is appliealde to calculation of the depreciated 
value of property only where natural depreciation is involved and where 
current repairs are uniform or absent. 

In establishinjz; a sinking fund, it is not supposed that an owner will 
regularly lay aside* an annual amount, or take the trouble to arrange for 
its investment at current rates in the market or savings bank, since the 
money is probably worth more to iiim in his business. In practice, it is 
retained in his business or investments and is earning the rate of interest 
-obtainable therein; but in dc'tennining the net profit or loss this deprecia- 
tion item is neverthek'ss at;countcd for just as if it w*?re actually placed in 
outside investments. 

The expectancy or remaining life of any article is the probable time 
during which it may reasonably be expected to render efficient service. 
It is determined from the actual condition of tlie article and all local 
circumstances which may affect its continued use, and not by subtrac- 
ting age from probabk^ lifc^. Thus an article may have a probable life of 
twenty-five years and 3 ^et be in first-class condition and as good as new 
when it reaches the end of this term. The value of this article is not writ- 
ten off the books nor should it be considered as good as new. Its value 


(292) 
(292a) 
(2925) 
j (292c) 

\292d) 
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is ascertained by determining its probable additional years of usefulness 
and the probable cost of reijlaeing it at the end of this term. 

I’AHLE 121 

T\PI('AL OPEHATINC (’ll ART 

(ljurfre (^hiciigo Depurtnienl. Store) 

19.. 

Montlily riopoit 




l-’iiol 

Supplies 

Date 

Average 

Outside 

Tempera- 

ture 

CfKd 

Ash 

Dili sod, (Jal. 


Total 


Kind 

Lh 

Burned 

(’oM 

IVr 

Ton 

('‘osl 

IVr 

1 );u 

Lb. 

Ilemo\ o<l 

lOngiiio 

linder 

Waste, 

Lb. 

Water to 
Buildiiig, 
C’u. Ft. 



Heating System 

Voiitiliiling 
]*lanlH, Hr. 

Bun 

llofrigeruting Plant 

Repairs- Hr. 

Steam 

Pressure 

lave 

Steaiij- 

Hr. 

1^’an 

1 

• 

I'nii 

2 

Hr. 

Bun 

( las 

1 sod, 
T.b. 

Ice 

Aladc, 

Lb. 

I'bigino 

Room 

Boiler 

Room 

MIbcbI- 

luneoue 


In the oriEinal copy all of these iteiiiH are convenioiitl> Eroupotl on one larRe form ruled for 31-duy entries 
with space at bottom for total quanlUiea and ct)8tn. In the icpioducdion only the headings are included. 


The replacement may mean the substitution of a new plant exactly 
similar to the old one, but at a cost deperidf'iit on new conditions, new 
prices of labor and material, or it may mean the substitution of new 
devices rendering eciuivalent service. In either event the replacement 
may be at a greater or less cost than the original cost, with, therefore, a 
corresponding increase or decrease of capital invested. Expenditures for 



TYPICAL OPERATING CHART 

The Edison Illuminatlnq Co., Detroit, Mich. Delr.\t Power House No. 2 

TURBO -GENERATOR LOG For 24 hours ending midnight. 
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TABLE 123 

TYPICAL OPERATING CHART 

The Edison Illuminating Co., Detroit, Mich. Delray Pou-er House No. 2 

CONDENSER ROOM LOG For 24 hours ending midnight 

Day Da 
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new parts of a plant, which take the place of old parts retired for any 
cause, should l)c charged to replacement only to the extent of capital 
represented by the part of the plant thus retired. Any excess of the 
expenditure for replacement over the cost of the discarded part of a 
plant should be treated as an addition to, and any less cost as a deduction 
from, the inv(‘sted capital. The term replacement should not be used 
in the sense of retirement of invested capital, which refers to the cost of 
the replaced part and not to the covst of the new equivalent installation. 

Valuation, l)ei)reciation, and the Rate-Base,'' Grunsky, John Wiley 
&Sons, 1917.) 

The term going value may be properly taken to mean a value attached 
to a public uliliiy property as the result of its having an estalilished 
revenue-producing business. Going value may be determined fJ|pm a 



Fig, 677. Showing Sinking-fund Method of Amortization. 

consideration of the amounts of money actually expended in the cost of 
producing the business or it may be determined from consideration of the 
present cost of reproducing the present revenue. (^' Value for Rate- 
Making," Floy, 1917.) 

For purpose of design and comparison, it is customary to assume a 
single fixed percentage for depreciation, obsolescence, inadequacy, etc. 
An average figure is 5 per cent. 

Unit-cost Depreciation. — The unit-cost depreciation formulas, as 
developed by H. P. Gillette,^ are rational and applicable to all problems 
involving depreciation, although the data for accurate application may 
not always be available. 

Let C and c = first cost of the new and the old property, respectively, 
F and / = functional depreciation annuity rates for the new and 
old plants, respectively, 

r = interest rate including risks, taxes and management, 
not included in F, /, E and e. 

1 “ Mechanical and Electrical Cost Data,*' 1918, p. 99-103. 
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R = interest ruU? j)lus functional deproeiat ion = ?’ -f- / or 
r + F, 

S and s = salvage value of the new and of the old property, 
respectiv('ly, 

E = cejuated annual operalinp; exi)ense (ineliidinp; taxes) 
durin'i; the entire life of tlu' iu*w ))lant inclusive of 
cost of repairs and natural dei)reciation, but ex- 
clusive* of functional tl(*pr(‘ciat ion, 
e = same as E for the old prope'rty durinj; its remaining 
life, 

K and k — total (opiated or true annual cost during the entire 
life of tlu‘ n(‘w i)ro])<‘rly and tlie remaining life of 
the old ])roj)ert>’, resp(*c( ivt'ly, 

V = deprecia,t('d value* of tlu* old i^rojM'rty, 

U and }i =- unit cost of product io!i of the new and of the old 
property, r(‘S])(*ctiv(‘ly, 

Y and y = annual output in units of the new and of the old 
pro]l('rt^', rc'spcctively, 

Then U - K/Y = [Cr -f E -f (f' - 7 (296) 

u = k/y = [rr f- e + (c — (297) 

If the annual unit cost of i)ioducli()n of the new prop(jrty is the same 
as that of the old 

V = u 

and [Cr + 7^7 + (C - S)F] Y = \rr -f- r' -f (r - s)f]/y. (298) 

If the right-hand member of the (uiuation is less than the left-hand 
member, it is cheaper to retain the old unit ; if it is greater, then it is time 
to sell or scrap the old and buy the new. 

For ordinary use, equation (29S) may be r(‘du(‘ed to a simpler form. 
Thus, if U = u, Y = y and F = f, which is frt'ciuently the case, equation 
(298) may be reduced to the form 

V = C ^ [(E - e) + /(*S - .s)l - (r -f- /)■ (299) 


Furthermore, F is generally etpial to / or nearly so, in which case equation 
(298) may be expressed 


V = C -Y 


E ~ e 
r -Y f 


= C - 


e 


r 

it 


(300) 


When functional depreciation is non-existent, / — 0 and equation (299) 


becomes 


v = C — (e — E)/r. 


(301) 
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TABLE 124 

ELECrntlC OPEKATING EXPENSES — YEAH 1922 
{Including Amortization and Depreciation) 
CoinmonweitUh I'jdisoii CIonip:iny 



Total lOxpoiiHf, 

Per Cent 

(vOHt per 
Kw -hr,, 


I'hoii.^ands 

of Total 

Steam Pou er (Jenerahon 

of JJolliir.s 

Expense 

Mills 

SuporintcndcMico 

cSO.SS 

0.28.'} 

0.036 

Boiler J^abor 

(>00 44 

2.110 

0.270 

EiiKiiie Labor ... 

212 82 

0 853 

0 109 

Electrical Labor . 

211 13 

0.743 

0 095 

Misc(5llaner)us Labor. 

102 5!^ 

0.302 

0.046 

Euel for Steam 

12,175 13 

12 800 

5.470 

Water for Steam . . 

4.41 

0.010 

0 002 

Lubricants 

32 07 

0.115 

(L014 

Power Plant Siii)i)lies and Exiienses 

Maintenance of Steam Power HiiildinRS and 

115.50 

0.407 

4 052 

Fixtures 

Maintenance of Boib'rs and Boiler lUaiit ICquij)- 

123.01 

0.435 

0 

rnenl 

442 S(i 

1 .,5()0 

0 199 

Maintenanc(i of Steam I’ower Plant T’ipinp; 
Maintenance of Steam Power Electric Genci- 

31.49 

0.111 

U 014 

atinp; l^]c|uijnncnt 

Maintenance of Steam Power Plant Switch- 

207 02 

0 731 

0.093 

board and VYirinjj; . 

Maintenance of Miscellaneous Steam Pow'cr 

40 70 

0 143 

0 018 

Plant Eciuiiiment 

r)3 r.() 

0 189 

0 024 

Total St(‘am Power Cleiiei at ion 

Electric Energy Purchased , Exchanged or Transferred 

1 1,405 38 

50 800 

6 497 

Electric Energy Purchased 

1,022 40 

3.590 

0 459 

Total Ehu’tric Ihiergy Purchased, etc.. 
Transmission 

1,022'. 40" 

3 590 

0 4sr 

Operat ion of "JTaiismission Lines 

119 39 

0 420 

0 054 

Maintenance of dTaiisiiiission Lines . . 

74 92 

0 203 

0 033 

Storage Battery 

194 3f 

0.083 

0 087 

Storage Battery Labor. . . 

30.10 

0.106 

0 013 

Storage Battery Sujiplies 

1 19 

0 001 

0 000 

Miscellaneous Storage Battery Expenses 

25 79 

0 091 

0 012 

Maintenance of Storage Battery Buildings 

3 54 

0 012 

0 002 

Maintenance of Batteries 

35 80 

0 127 

0.016 

Maintenance of Accessories 

2 10 

0 007 

0 001 

Total Storage Battery ... 

Distribution 

98 04 

0.347 

0 044 

Distribution Superintendence . 

199.17* 

0.700 

0 089 

Substation Wages. 

589 40 

2 070 

0.265 

Substation Supplies and Expenses, . . 

148.47 

0.520 

0.066 

Operation of Distribution Lines. 

Maps and Records 

308.90 

1 .296 

0.166 

19 07 

0-069 

0.007 

Inspecting and Testing Meters 

27(L80 

0.952 

0 122 

Inspecting and Changing Transformers 

00.17 

0 211 

0 027 

Removing and Resetting Meters 

121 15 

0.427 

0 054 

Miscellaneous Distribution Operating Labor 
Miscellaneous Distribution Supplies and Ex- 

54.01 

0.192 

0.024 

penses 

13 05 

0.046 

0.006 

Maintenance of Substation Buildings. , 

28.50 

0 100 

0.013 

Maintenance of Substation Equipment 
Maintenance of Overhead Distribution Pole 

162 99 

0.573 

0.073 

Lines 

105,30 

0 370 

0.047 
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TABLE 1 24 — Concluded 



Tnlnl T'lxpousf, 
Thoii.saiidH 
of Doltiis 

Por (\miI 
of Total 

Cost per 
Jvw.-Iir., 
MiUh 

Ma,intonance of Ovorlicail Dislrihiit ion Con- 




(luctors 

Maintenance of Cnder^iround Hist ribut ion 

25 :{2 

0 OSO 

0 oil 

Conduits. . 

Maintenance of llnder(j,i(mnd Dist ribulioii 

17 :i:i 

0 OtiO 

0 008 

Conductors 

77 01 

0 271 

0.035 

Maintenance of Si'rvici's 

25 55 

0 0S‘) 

0.011 

Maintenance of Meti'rs 

lot) til 

0 557 

0.045 

Maintenance of ''rraiisforiiKM s 

17 02 

0 1(17 

0 021 

Total nistribution _ 

Utilization 

2155 S I 

S 505 

1 0t)0 

Munici])al Street Incandescent Lanijis 
Cornniercial Arc Lamps Laboi 

Coiniiiercial Arc l.ainps Siipiilics and I'X- 

85 OS 

0 120 

0 015 

penses 

2 25 

0 (K)S 

0 001 

Commercial Tncandesccait Laiujis 

Inspect inp; and Adjusting Customers’ liistal- 

1100 S7 

5 010 

0 408 

1 at ions 

220 SX 

0 705 

0 105 

Leased A[)plianc(‘s l^^xpcmse 

52 75 

0 1S5 

0 024 

Miscellaneous Utilization I'Apcnse 

Maintenancii of (^.ominm cial 1 ncand(‘sc<‘n( 

100 51 

0 575 

0 048 

Lanifis and Efiuipiiamt, 

•to 21 

0 111 

0 018 

Maintenance of Leased Applianc(‘s and 1- ixt uies 

S2 05 

0 2SS 

0 037 

"rot al XTtilizat ion 

Cornm^erdal 

1()51 12 

5 S22 

0 746 

Superintendence 

•to 50 

0 105 

0 021 

Meter Kcadin^, - Sa, lanes and I'Apensc 

272 10 

0 050 

0 122 

Collecting; — Salaries and I Aimmisc 

257 71 

0 .S57 

0 107 

Consuinei s’ Accounts - Salaries 

01 4 55 

5 2IS 

0 411 

Contract Deriartment -- Salaiies 

0 27 

0 05t) 

0 004 

Office Supplies and Miscidl aiK'Oiis Expense 

122 75 

0 450 

0 055 

Total C^nriinercial 

New Businrsfi 

^1()()2 77 " 

” 5 040 

O" 720 

Superintendence . 

55 21 

0 124 

0 016 

Office Salaries. . . . 

120 05 

0 ns 

0 057 

Solicdtinji; 

107 21 

0 577 

0 048 

Miscaillaneous Su])pli<'s aiul Kxpimses 

52 70 

0 ISO 

0 024 

Advert isinj;; . . 

420 (iO 

1 510 

0 105 

Wiring and Apjibances 

Total New Business 

General and MisccUancons 

27 10 

0 005 

0 012 

77S“ S7 

~ '2 740 

0 350 

Salaries and PN^penses of Cenmal Otiicers 

255. 4K 

0 802 

0 114 

Salaries and Kxpensiis of (leneral Otiice C leiks 

74S 57 

2 033 

0 336 

General Ollice Supplies and t.xi)ens(‘s 

241 51 

0 850 

0 109 

Stationery and Brinting 

54 41 

0 121 

0.015 

General Office Rents 

551 .00 

1 042 

0 248 

Maintenance of General Buildings 

105 11 

0 500 

0 047 

General Law INpensc' 

180. S2 

0 608 

0 085 

Injuries and Damages 

Insurance. ... 

87.18 

101.17 

0 306 

0 507 

0 037 
0.072 

Relief Department Pensions and W’elfare Work 

195 50 

0 088 

0.088 

Miscellaneous General PiXpense 

510 30 

1 000 

0.138 

Depreciation ... 

Amortization of Intangible Capital 

3150 94 
147.28 

11 050 

0 518 

1 .415 

0 066 

Total General and Miscellaneous 

0100 32 

21 7(X) 

2 770 

Grand Total Electric Operating PNpenses 

Total Kw.-hr. Generated and Purchased 

28,418.05 

2,225,442,875 

100 000 

12.763 
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If it is time to replace the old equipment with the new, it has reached 
the end of its economical life and its depreciated value is equal to its 
salvage value and v = s. If the new and old units have the same output 
Y = y. Assuming Y = y and v = s, equation (298) reduces to the form 

Cr + F + (C - S)F = rs + e. (302) 

This relationship is shown graphically in Fig. 678. 



\ 

Fia. G78. Unity-cost Depreciation Method Showing; Time of Replacement on 
Account of Obsolescence or Inatlcqiiacy. 

If the annual operating expenses, 0, other than depreciation, are the 
same for tlu'. new as for the old property, we have 

E = D{C - .8) + O 
e = d(v — s) 0 

in which D = depreciation annuity for tlu' total life of the old property, 
(I = depreciation annuity for the remaining life of the new 
property. 

Substituting thcsci values for E and e in equation (302) and reducing, 
we have 

7 .' = .S + (/; + r) (C - .S) (d + r) (303) 

which gives identically the same results as the ordinary sinking-fund 
formula, ecpiation (294). 

E and c, equated annual operating expenses, are ciilculated as follows: 
Take the total cost of labor, repairs, supplies and other items for the 
first year the property is in operation and find what this would amount 
to at compound interest for the j^ears remaining in the estimated life of 
the plant. Similarly, the operating expense for each succeeding year 
is compounded for the respective remaining years. Add these various 
sums together and multiply by the annual deposit in a sinking fund which, 
if started at the beginning of the assumed life, will equal 1 at the expira- 
tion of the assumed economic life. The resulting product is the equated 
annual operating expense. 
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Example 92. — An online, purchase price S6000.00, is four years old 
and the yearly cost of operation, iiioludinR supplies, taxes, insurance, 
labor and repairs (but not including functional depreciation) for these 
years is as follows: first year $3000.00, second year $3250.00, third year 
$3750.00, foTirth year $4500. 00. If the interest rate is 6 f)er cent , required 
the equated annual oj)eiiitiTig costs. 

Solution. — $3000.00 (ti 0 f)cr cent (‘oinpounded annually for 3 yr. = 
3000 X (1.00)^.= $3573.05 

$3250.00 ((I () ])cr cent for 2 vr. = 

3250 X (l.OO)- = 3051.70 

$3750.00 (rt () j)er cent for I yr. = 

3750 X 1.00 = ‘ 3975.(X) 

$4500.00, no interest 4500.00 

Total Cost $15,099.75 

$3590.21 annually i)laced at compoun<l interest at 0 per cent for 4 yr. 
would amount, to $15,099.75; thus, from (‘(piation (292r/), 

15,099.75 X 0.00 ~ (LOO' - 1) = $3590.21. 

This is the eciuated annual o]Mn-atmg cost. 

Example 93. — Su])]?()s(^ a n(‘w typc‘ of engine is on the market, suitable 
for the service perfornuMl by the one mentioned in Example 92, but more 
economical in opc'ration. The new engine costs $10,000, and its estimated 
functional life and sidvage vahu's an' liftecm years and $1000, respectively. 
Assuming that the salvage' value' of the e)lel engine is $400 and that the 
estimate'd eepiated annual e)t)erating cost of the new units is $2000 per 
year, will it pay to junk the old one? Assume interest rate on the sinking 
fund deposits to be 0 per cent. 

TABLE 125 

TYPICAL WKKKLY POWKIt-PLANT REPORT 

Tho Detroit Edison Oompaiiy 
Connors (Vock Plant 
Ptir Week Ending Septembor 1st, 1023 


Lb. of coal per kw-hr. delivered 1 504 

B.t.u. per kw-lir. delivered 20,048.0 

Overall thermal efficiency, per cent 17.03 

Plant water rule — lb. per kw-hr. delivered 13.45 

Combined boiler furnace and grate efficiency, per cent 76,0 

Condensing water inlet temperature, deg. falir 68.0 

Output 

Net delivered, kw-hr 12,446,600.0 

Average output per day, kw-hr 1,778,086.0 

Ratio net delivered to total generated, per cent 97.21 
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Coal 

Coal consumed, lb 18,725,100.0 

Average coal consumed per day, tons 1,338 , 0 

I Total moisture, jicr cent 3.995 

. , Ash (dry coal), per cent 10.0 

Analysis ^ ^ ^ 13,330.0 

Heating value, (dry) 13,885.0 

Refuse analysis 

Average carbon in refuse, piT cinii 15.15 


Solution. il(‘rc T = 10, ()()(), r = O.Oli, E = 2000, S = 1000, s = 
400, e = 3590.21 (from (‘xtimplo 92). i 

From oqiiiitioii (292r/), F = 0.00 (1.00^“ — 1) = 0.0429. I 

Substituting: those vnlues in (‘(pnition (302) and solving \ 

10,000 X 0.00 + 2()00 + (10,000 - 1000) 0.0129 < 0.00 X 400 + 3590.21 

3580.1 < 3014.21 \ 

\ 

Since 3580.1 is loss than 3014.21, it would pay to maki' the change. 

Example 94. — A steam turbine unit, initial cost $25,000, has been 
in operation for ten years and its equated annual operating cost for this 
period is $10,000, The depreciation annuity for this ecpiipment is based 
on an assumed functional life' of fifteen years with interest/ at 0 per cent. 
A new and more ('conomical unit of the same capacity as the old one can 
be purchased (completely installed for $40,000. The estimated equated 
annual operating exj)ense of the new unit is $8000. If the old unit can 
be sold for $1000 net, wliat is its depreciated value? Assume a functional 
life of 20 years for the new unit and a salvage value of $1500. 


TABLE 120 

Oin’PITT AND f’OHT DATA 
Cahforuia Kdiaon Company 
(Year 1022) 


Transmitted from hydro-elect ric jilants, kw-hr. . , 1,058,703,776 

Transmitted from steam iilaiits 72,718,357 

Electric energy purchased from other sounies . . . , 07,504,236 

Total transmitted and purchased 1,198,926,369 

Electric energy used in other departments 23,184,447 

Transmission loss .... 187,077,651 

Sub-station loss 717,378 

Unaccounted for . . .. .... 86,072,802 


Total 297,052,278 

Total sold, light and power 901,874,091 
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Operating revenue: 


Sale of elect n city 

$15,75S,t)H6.()0 


Kent of meters 

,145 75 


Joint electric 

3,9(X) 00 


Merchandise and jobbing 

24,()(>1 64 


Rent of appliances . . 

0,160 03 


Total 

$ir>,7(Hi,7r)4 02 


Water deyit 

12,S2:i 44 


Total electric and water . 


$15,830,577.46 

Operating expense: 

Production and transmission 

!ii;‘2,:i70.si5.so 


Distrdiutioii . 

1,251,301 26 


Conim(*rcial 

816, 30S 38 


General oflice 

620,105 21 


Taxes 

1,725, ISO 30 


Uncollectible bills 

10,010 00 


Depreciation . . . . 

1,850,100 17 


Water dejit - . . 

41,835 60 


l\)tal electric and water 


8,717,105 84 

Net ojicrating re-vi'iiue 


7,122,471.62 

Net non-o])erating n* venue . . 


1,142,648 20 

Total net revenue .... 


*8,205,1 10. 91 

Total investment . ... 

$06,601,000 00 


Cost of optiration per kw-lir. transmitt(‘d and pur- 

chased, (jents 


0.722 

Cost of oiieration per kw-hr. sold, cents 


0.960 



8 9 10 11 12 1 2 a A, 6 6 7 8 B^IOUU 

A.M. M. P.M. 


Fig. 679. Daily Load Curve, iShowing Influence of Variable Generator 
Load on Steam Economy. 
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TABLE 127 

POWER COST WORCESTER (MASS.) ELECTRK^ LKJHT CO. 
iim) 

Equipment; Boilers; 6 Sf irlijiK, 2 Edge Moor, 6 Bigelow-IIornsby. 

Turbine ITnits; 2 20,0fX)-kva., 2 7800-kva. 

Stokers: linderfecd for bituminous, Forced-draft chain grate for 
an thi acute. 

Fuel: 66,950 tons of bituminous at $7.52 and 18, (d 3 tons of anthracite at $5.12 

per ton. 

Output: 73,256,100 kw.-hr. Maximum load 32,6(X) kw., yearly load factor 0.256. 

PRODUCTION^ EXPENSE 


Superintendence 

Total 

Per Kw -hr., CciiH 

I’cr Cent of Tlotal 

Labor: 

$17,058 

0 0233 


2 is 

Boiler 

$35,599 

0 (MK() 

4 44 

\ 

Turbine 

18,905 

0.0258 

2 37 

\ 

\ 

\ 

Electrical 

6,824 

0 00933 

0 86 

Miscellaneous . 

7,109 

0 0097 

0.88 

Total labor 

68,437 

0.09313 


8 55 

Supplies: 

Boiler fuel 

$5S0,5H3 

0 793 

72.40 


Water for steam . 

322 

0 00044 

0 04 


Lubricants ... 

3,653 

0 00499 

0 47 


Station 

2<),770 

0 0106 

3 75 


Total supplies ... 
Maintenance; 

614,328 1 

0 83903 


76.66 

Station structures 

$21,237 

0 0290 

2 65 


Boiler plant equip. 

31,059 

0 0424 

3 79 


Turbine units . 

21,217 

0 02895 

2 65 


Generator equij). . 

8,755 

0 01185 

1.09 


Accessory elec, equij). 

1,475 

0 002015 

0 02 


Miscellaneous equip. 

19,717 

0 0269 

2.46 


Total maintenance. 

103,460 

0 14115 


12 66 

Grand Total 

$803,283 

l'097 


100 00 


Solution. — Here C = 40,000, r = 0.00, E = 8000, = 1500, s = 

1000 . _ 

F = 0.06 ^ (1.0G‘'° - 1) = 0.02718 
/ = 0.06 -- (1.06'' - 1) = 0.P4296. 

Substituting these vnlues in equation (298), noting that F = z/, we 
have 

40,000 X 0.06 + 8000 + (10,000 - 1500) 0.02718 = 

0.06 e + 10,000 +- (v - 1000) 0.04296, 

from which v = S6546.13, the present or deprecdated value of the old 
unit. 

According to the straight-line law, etjuation (290) the present value 
is $9333.33, and according to the sinking-fund law, equation (294), it is 
$11,700.00. The depreciated value of any used device, or its true worth 
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to a purchaser, according!; to the unit-cost depreciation law, is dependent 
solely upon its equated annual operation costs when compared with those 
of a more economical device^ which can do the same work, and not upon 
its first cost or age. 

Power Plant Accounia: W. A Millor, Power, Nov. 1, 1VV21, p. (iSO; Dee, 13, 1921, 
p. 934. 

Improveuicnis and Replacements Power Plant Engrp., Jan. 1, 1920, p. 03. 

Fundamentals of Puhltc Utilitp Rates. Nntioiuil Eiigr., April, 1921, j), 151. 

365. Operating Costs, — General Division. — The (listribiition of the 
operating ('osts depends largely u])on tlie size and nature' of tlie plant. 
In the small isolated station the term “ ot)eriiting costs ” without qualifi- 
cation refers to th(^ geiK'rating or slation operating (‘osts, exclusive of 
fixed charges. Thes(^ costs are (•ommonly divided as follows: 

1. Labor and attendance. 

2. Fuel and w^ater. 

3. Oil, waste, and sundry supplies. 

4. Repairs and maintenance. 

In some of the largc'r isolat('d stations, a more extensive division is 
often made but there appears to be no accej)ted standard. 

In larg(i central stations, the o])e rating costs are divided under the 
major headings of 

1. Production expenses. 

2. Transmission cxpcaises. 

3. Electric stonige (‘X])enscs. 

4. Utilization expemstvs. 

5. Commercial expemses. 

6. New business expenses. 

7. General and miscellaneous expenses. 

The extent of the subdivisions undc'r each subheading depend upon 
the size and natun^ of the plant. See Table* 124. 

A number of large central stations limit th(* major headings to 

1. Generation. 

2. Administration. 

3. Distribution. 

Some companies include all or part of the fixed charges under the 
major heading; others limit the operating costs to expense, which is 
dependent only on the output. Because of this diversity in bookkeep- 
ing, comparisons of the cost of power based on the annual reports are 
without purpose. A few annual reports illustrating the different systems 
of accounting are reproduced in the accompanying tables. 
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366. Labor, Attendance, Wages. — The ininiiniira number of men 
required to handle a friven plant is approximately a fixed quantity and 
it is seldom possi})J(‘- to so arrange the work that any material reduction 
can he efTe(*t(‘d. Tutil very recently it has I)een the universal custom 
to pay wap;es on a flat rat(‘ " basis; that is, th(‘. at-t(‘ndant is given a 
fixed sum per day or month irn'sjKa'tivc^ of tlu', amount of work required 
or the economy of operation. In sonu' (‘as('s, however, the bonus system 
has been suca^essfully adopted. For exami)le, in the hand-fired boiler room 



Day ol tbc Muiitb 

Fio, 080. MoiiUilv Load Chirve of ('o£ii})ined llent and Power Plant, 

Anrioiir liislitute. of Teclinology. 

the coal (ionsiimption is det ermined for a given period of time with ordinary 
careful firing, and tlu' firemjin is offered a rcaisonable ])('r(‘entage on the 
saving of coal whicli he is abh' to effect over this record by sptjcial care 
and attention to the keejnng of fires always in the best condition, avoid- 
ing the blowing off of steam, using as littk' coal as netaled for banking 
fires, and in other ways. When' careful records are ke]ff- of supplies, 
repairs, and n'lu'wals, the bonus is also applicable' to electricians, oilers, 
and other employe'cs. 

Labor should always l)e ('stimated or n'corded as so many dollars 
per month or ])er year and not. merely in terms of the output unless the 
load factor is definitely known; otlu'rwise comparisojis are misleading. 
For example, consider two ]dants of oOO kw. capacity, each with labor 
charges, say, of $400 per month. Sui)i)ose the output of one is 100,000 
kw-hr. per month and that of the other 40,000 kw-hr. per month. The 
monthly charges are evidently tlu' same, viz., $400, but the cost per kw-hr. 
differs widely, being 0.4 cc'iit in the first case and 1 cent in the latter. 

The cost of labor varies so much with the locaition of the plant and the 
conditions of operation that general figures are of little value except as a 
rough guide. Specific figures will be found in the accompanying tables. 

For a summary of labor costs in largo central stations see “Central-Station Labor 
Costs,” Electrical World, Nov. 16, 1912, p. 1031. 
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TABLE 128 

COMPAEIBON OP PUODUCTION KXl’ENSES TEIl KlUW ATT-IUH'U OP OVmMTT POU CONNORS 
CHEEK POWER HOUSE OF DETKOIT' KDlSt^N (X)\]PANY 


'rwolve-Montli Ponods I mkIidl'; 



1919 

1920 

1'I2I 

1922 


.lime 

Dec 

Juno 

I >er 

.1 line 

1 )er 

June 

Doc. 


30 

;}i 

30 

31 

30 

31 

30 

31 


( 'enl^ 

( Vnt-- 

(’onK 

t 'em s 

( 'ent.s 

('mils 

( 'mils 

( 'eiits 

Operation: 









SuporinlendcTU'e 

0 OKI 

0 010 

0 OKI 

0 012 

0 01.7 

0 oil 

0 013 

0 012 

W uKea 

0 0(ij 

0 000 

0 0(i2 

0 OTi) 

0 (17'l 

0 009 

0 00.7 

0 058 

Fuel . . 

(1 :{'lt 

0 107 

0 171 

0 O’.J 

0 ()S2 

0 .732 

0 43S 

0 448 

Water 









LubiicantH 

0 00‘J 

0 002 

0 001 

0 002 

(1 002 

0 (102 

0 001 

0 001 

iStfition HiipplioH and expense 

0 OKI 

0 007 

0 01 1 

0 012 

0 OKI 

0 010 

0 OKI 

0 007 

Total 

(1 i:s 

0 Iso 

0 .')“).■) 

0 7:)i 

0 7HS 

0 027 

0 .727 

0 .726 

Muintenaneo 









Station lunklin'TH 

0 0118 

0 on 

0 010 

0 01 1 

0 012 

0 on 

0 012 

0 011 

Steam oqinpincnt 

0 OLH 

0 020 

0 030 

0 03S 

0 013 

0 04.7 

0 041 

0 037 

Elect neal o(]Uipnient 

0 001 

0 001 

0 001 

0 00,1 

(1 llO.t 

0 002 

(I 002 

0 004 

Total 

0 o;.{ 

0 on 

0 047 

0 072 

0 078 

0 (),7,S 

0 07,7 

0 0.71 

Total production exp 

0 ,011 

0 .‘)27 

0 002 

0 soil 

0 S40 

0 0.s,7 

0 .7S2 

0 577 

Output (inillionH of kii In ) 

S.S'l 

•14') r,4 

4S.S 00 

17') 43 

■I.S.'i 19 

.727 12 

.7.7.7 90 

01.3 26 

Maxjnniin deinancl in (30 nnmile) 

82,00(1 

101,000 

104,000 

100,000 

K)7..700 

ns, 000 

120,000 

144,500 

Average load (kw ) 

‘1 !,7(l(l 

oO.SOO 

.')'■), ()00 

.'I'l.OOO 

r)r),3()(i 

00,200 

03,. 700 

70,000 

Load factor 

0 :.:u 

0 -l.SS 

0 .'i.U 

0 .')K) 

0 .71.7 

0 .710 

0 .729 

0 485 

Coal pei ku'. hr. (lb.) 

1 (17 

1 73 

I S3 

1 92 

1 7S 

I 02 

1 .7.7 

1 57 

B t u per kw- hr. 

21,200 

2I..S00 

22.SOO 

2.{,:ioo 

21,.S(1(I 

20,2.70 

19,700 

1 

19,660 


367. Cost of Fuel. — Ta])los 121 to 131 specific examples of the 
cost of fiK'l in different sizes and types of ste.:iin pow('r ]dantrS. It will be 
noted that this itenn varic's considerably (n'en with plants of the same 
general class. So n^mcli dc^pends upon the grade and market price of the 
fuel, type and size of plant, and conditions of o])eration that no single 
item can afford a meaijs of comparing fu(‘,l costs in different plants. Such 
items as “lb. coal per kwdir.,” “ cost of fuel |)er kw-hr.,'’ or the equiva- 
lent have their value in any accounting sysl(*m, but fail uttc'Tly as a measure 
of the economy of o]Hiration unl(‘ss a.ccompani(Ml })y a statement of the 
qualifying conditions, bor example, an inefficiently o])('rated plant xising 
a high-grade fuel may show a lower fuel consumption, lb. per kw-hr., 
than an economical plant using a low-gradtj fuel, and an uneconomical 
plant using a very cheap fuel may show a lower “ cost of fuel per kw-hr.^’ 
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than an efficiently operated plant using costly fuel. Similarly, two plants 
of the same size and type, and using the same fuel, may show considerable 
difference in both “ lb. of fuel per kw-hr.'’ and “ cost of fuel per kw-hr.’' 
because of difference in load factor, even though both plants are effi- 
ciently operated for the given conditions. In a number of recent installa- 
tions, the station operating records include the heat supplied by the fuel 
per kw-hr. generated (‘^ B.t.u. per kw-hr.”) and the cost of the fuel on a 


TABLE 129 


FUEL CONSUMPTION AND COSTS 

Massachiisolts Central Stations 

(Your KnthnR 1922) 


Station 

Rated 
Boiler Hp. 
{Thousand;^) 

Rated Kva 
(Thousands) 

Yearly Output 
Kw -hr. 
(Millions ) 

Load Factor 

Ton.=! of Coal 
per Year 
(Thousands) 

Cost of Coal 
per Ton 
(Dollars) 

k 

it 

Cambridge 

4 40 

25 OS' 

38,434 


41 .32 

8 744 

2 147 

Edison, Boston 

4S 59 

203 m 

419,810 

0 295 

358 00 

0 945 

1.708 

Edison, Brockton 

5 70 

23 15 

43,197 

0 207 

41 02 

7 000 

1 926 

Fall River 

5 20 

17 SI 

39,717 

0.318 

193 783 

1 35P 

1.640® 

Haverhill 

3 20 

10 37 

14,879 

0 130 

10 .53 

7 705 

2 222 

Lowell 

4 8S 

28 40 

10,098 

0 20.5 

30 77 

7.721 

1 805 

Lvnn 

4 7S 

20 12 

22,042 

0 109 

22 53 

0 720 

2.041 

Malden 

1 20 

31 (K) 

1,082 

0 455 

2 21 

9.104 


Malden 

1 20 




297.923 

1 .050' 


New Bedford 

15 00 

90 00 

119,2.57 

0 is9 

130 95 

0.288 

2.195 

Salem 

4. .50 

28.12 

65,741 

0.334 

55.44 

0 573 

1.688 

Worcester 

12.55 

55.00 

73,2.50 

0 188 

60 95 

7 752 


Worcester 



... 

13 01« 

4.520 



* 6500 hp. engines in addition. ^ Boilers not installed for last 30,000 kw. unit. 

* Oil, thousands of bbls. ^ Per bbl. of oil. 

* Lb. oil per kw.-hr. ® Screenings. 


heat basis (cents per 10,000 B.t.u. or B.t.u. for 1 cent). These two items 
in connection with the load factor offer a satisfactory •^criterion of the fuel 
economy for plants of the same general design. Large (central stations, 
with individual units of 20,000 to 60,000 kw. rated capacity and a yearly 
load factor of 50 per cent or more, have been credited with a yearly per- 
formance of 18,000 B.t.u. per kw-hr. generated, corresponding to an overall 
thermal efficiency of approximately 19 per cent. With 11,000 B.t.u. 
screenings, this is eciui valent to approximately 1.6 lb. coal per kw-hr. and 
with 13,000 B.t.u. coal, about 1.4 lb. coal per kw-hr. Better results 
than this have been obtained for brief periods of operation, but when 
averaged over a considerable period of time, the standby losses, such as 
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coal burned in banking fires, heat lost in blowing down boilers, lower 
efficiency in o]xjrating at \incl('rloads and overloads, and the like, reduce 
the overall efficiency to substantially that given above. The coal con- 
sumption per kw-hr. for a number of medium-sized central stations in 
Massachusetts for the year 1922 is given in Table 129. 

In estimating the cost of fuel for a proposed installation the logical 
procedure is as follows: 

1. Construct load curves for fhe ju'obablo power reciuirements. 

2. Calculate the total weight of steam supplied from the ]oiui curve. 

3. Transfer the total steam re(iuirements to tlie unit water-rate basis. 

4. Reduce the average unit watca* rate to “ B.t.u. supjdied by the steam 
per unit output.^' 

5. Divide the average B.t.u. suj)i)lied b}^ the steam j)er unit output 
by the estimated (naTall boiler (dlicicMicy, I'onsidering all standby loss. 
This gives the B.t.u. sui)plied by tlu* fuel per unit output. 

G. Reduce the cost of fiud t-o ‘‘ cost per 10, 000 B.t.u./' or B.t.u. 
per 1 cent." 

7. Multiply item 5 by item G and divide by 10,000, if the 10,000 B.t.u. 
basis is used, and divide'. it(*m 5 ])y item G if the B.t.u. per cent " basis is 
used. This gives the a-A^c'rage cost of fuel per unit output for the required 
period. 

The construction of tli(' load (airves is the most important item, since 
the cost of the fuel ]K!r unit outinit is primarily a function of the load 
factor. 

The total weight of steam is calculated from the load curve by con- 
sidering the unit wat(*r rate of the ])rime mover .and steam-driven auxiliaries 
at the variable loads, Jind tli(' time element. 

The heat sup})li(Hl by tluj steam is measunal above the temperature 
of the feedwater. In plants where exhaust is used for heating or manu- 
facturing imrposes, only the difference between th(^ heat supiJied to the 
prime movers and steam-driven auxiliaries and that of the exhaust utilized 
for heating is ch.argwl to power. 

Current practice gives an .average efficiency (based on yearly operation) 
of boiler and furnace of 75-80 per cent for large lighting and power stations 
with yearly load factor of 0.45 or moni, and G5-75 per cent for similar 
stations with load factor l)etwaam 0.35 and 0.40. For very low load 
factors, 0.25 .and under (as in connection with Large manufacturing plants, 
tall office buildings, and other ])lants ojx'rating on a twelve-hour basis), 
this overall efficiency seldom exceeds GO per cent. With these figures 
as a guide, the cost of fuel per unit output may be roughly approxi- 
mated. 
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Kw.-hr. -r f8760 X rated kva. X 0.8) t Kw. 
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368. Oil, Waste, and Supplies. — These items ap])roximate from a 
fraction to 5 per cent of the total operating expenses. Tables 124, 127, 
128 and 130 give some idea of current practice in different classes of 
power plants. 

369. Repairs and Maintenance. — This item ordinarily refers to the 
cost of kec^piiig the plant in running order over and above the (*.ost of 
labor or attendance, and tl(‘[)ends ui)on the age and condition of the 
plant and th(' efficiency of the employees. Tables 124 to 133 give the 
cost of repairs and maintt'nance for a wide' range in pow('T-plani. j;)racti(‘e 
for the y(3ars 1920-23. 

370. Cost of Power. — The a(‘tual cost of producing power dci)ends 
upon the geographical location of the ])lant, the size of a])])aratus, the 
design, c.onditions of loading, system of distribution, and the method of 
accounting. Tables 124 to 133 compiled from various sources give the 
detailed costs of a large mmib(^r of central and isolated stations. 

1921 Experience Exchange. National Assoc, of Building (Owners and Managers, 
Edison Bldg., (4iicago. 



Fig. 681. Yearly Load Curve, Showing Influence of Temj>erature on Coal Consump- 
tion. Combined Heat and Power Plant, Armour Institute of Technology. 

371. Elements of ^ower-plant Design. — The real problem which con- 
fronts the designing engineer is not so much the selection and arrangement 
of apparatus for a given seff. of conditions as it is to foresee the conditions 
under which the plant is likcdy to operate. For this reason, the plans 
for the station should be examined and approved by the owners and 
expert service employed at the outset. It is not sufficient to have a 
mechanically perfect plant, though of course proper installation is of 
prime importance. The choice of fuel, selection of type of prime mover, 
size of units, provision for future expansion, method of establishing the 
station heat balance, and similar factors have considerable weight in the 


TABLE 131 

Investment and Operating Cost of a 200-kw. Central Station 

Load Factor 50 Per Cent 

Steam Pressure 175 Lb. tor All Units Except Coruss Engines 
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(cents) 
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Cost per kw-hr. total 

Cost per kw peak 

Real estate 

Brick building 

Generating units, del. and 
erected 

Switchboards and .street 
Itg transformers 

Electric wiring and ducts 
Piping complete 

Condensing e<iuipment 
Foundations, exclusive 
building 

Oil filters and tanks 

Railroad siding 

Boilers, delivered and 
bricked in 

Feedwater heater 

Feed pumps 

Steel stack and flues 

Total S 

Cost of operation, fixed 
charges 15‘ r 

Fuel 

Labor and supt. 

Lubricants 

Miscellaneous supplies ; 

Repairs 

Total $ 

Cost per kw-hr. operation 
(cents) . . 

Cost per kw-hr. fixed charges 
Cost per kw-hr total 

Cost per kw, peak 
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economy of operation. Each proposed installation is likely to be a prob- 
lem in itself, and though similar plants may be used as patterns, each case 
should be worked out on its own jnerits. 

In the c^ase of an ehudric generating station, the first item to be con- 
sidered is the kind of curnmt, voltage, and distrilmting system best suited 
for the particular service to be rendered. In the oldej- office buildings, 
stores, hotels, and small industrial plants having their own isolated plant, 
the direct-current, low-voltag(', (125-250), three-wire system predominates, 
but in many recent installations alternating-cunent gcaun'ators are em- 
ployed, so that minimum changes would Ix' necessary in case central- 
station power is purciiased. 

In large industrial plants and (central stations, alternating currenjts arc 
the more common, the freepnmey and voltage depcaiding upon the class of 
service. As a general rule, the smaller stations gerujrat/e low('r voltages 
than the larger ones. In the more recent designs, three-phase cairrent 
generation pnxlominates, not only because^ the energy can be; transmitted 
very economically but also because the thn^e-phase can be r(‘iidily trans- 
formed into single or two-phase currents. The frcxpiencies most generally 
employed are 25- and OO-cycle, witli an increasing leaning toward the 
latter. The maximum voltage for which generators aje designed is 
14,000, but much higher values aje used for transmission. The i)roblem 
of selecting tlu; voltage, kind of current, (‘tc., for the particular service 
required should be left to the designing engineer at the outset. 

One of the most important factors in the tU'sign of a powc'-r station is 
the determination of th(' j}robable load curve. This reftas not only to the 
average yearly load but also to the maximum daily load which is lik(‘ly 
to occur, the minimum daily load, temporary peak loads, and probable 
future increase. The load factor, which has such a marked bearing on 
the cost of operation, may be closely approximated from the daily load 
curves. Steam recpiirements for heating and industrial purposes, water 
supply, and other forms of energy i^Hpiireinents should be considered 
simultaneously with th(^ electrical demands, since these factors largely 
influence the choice of prime mover. The curves in Eigs. 071 and 673 are 
taken from the daily records of large power stations in (Jhic.ago and serve 
to illustrate the grcxit variation in the electiical power demands for differ- 
ent days in the yeai*. It is (piite evident, that, an ecpiipmcmt based solely 
upon the average yearly retpiirements may not be adapted to the best 
economical operation. 

The load curves for manufacturing plants may be predetermined with a 
fair degree of accuracy, since the power demands for various purposes 
may bo readily segregated and analyzed, but with public utility concerns 
and certain classes of isolated stations the problem is largely a matter of 
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judgment. Thus, in the case of an industrial plant, the power rctiuire- 
ments for lighting, inaiuifarturing purposes, heating, ventilation, and 
sanitation may be elosely a])proxiinated, sinee the size of building, exposure, 
number of floors, and the number of elevators Mi'ford a definite basis for 
analysis; but, with publie utility eoneerns, the ])r‘obable load depends 
largely upon the business aeumen of the inanagenumt in secairing customers, 
the location of the plant, and future' demands. In the' lat ter ease, the load 
curve is based chiefly U])on the' experi(',nee of similar plants under (‘om- 
parable conditions of operation. 


^PABT.E 1.^2 

OrEUATiNG Costs of Typk ai. Inditstutal Plants 


111122) 

(Hari\ lliniclbhui) 


1‘hinlH 


Number of boilers in plant. . . 

Rated capacity of boilers 

Number of boilers in operation . 

Number of boilers in reserve 
Boiler hp. in operation 
Boiler hp. generated. 

Per cent rating of boilers in operation 
Pressure lb. gag(‘ 

Steam generated per hour, lb. 

Steam generated jier year, Ih.. 

Fuel per year, tons 

Average annual eva])oration, Ih. [)er lb. of 
Average coal cost per ton 
Annual operating costs 
Coal and haiKlling 
Engine and boilt‘r-rooin labor 
Repairs 

City water .... 

Boiler compounds 

Oil and waste 
Purchased power 
Total . . 

Cost per thousand pouiuls of steam 

(excluding cost of iiower) 

Cost per kw-hr. • 

Purchased i)ower 

Generated power 


A 

H 

() 

1.4tM) 

5 

500 

■1 

3 

2 

0 

0(M) 

.500 

1.200 

500 

l.'kS 

100 

150 

1(K) 

41.2:>0 

17,.5(X) 

2 17, 000, (MK) 

.54,,5(X),(K)0 

lO.OOO 

7,200 

5 75 

5.78 

$() S!) 

.S7.45 

$i:M,fK)0 

S55,0(XJ 

lI,cS(X) 

'0,500 

7,400 

1,000 

750 

185 

750 

400 

2.:m) 

.500 

50,000 

20,000 

$is7,000 

$S7,"i'S5 

so 72 

.11.23 

0 02 

0 02 

0 055 

0 055 


In any case, the gi-eatcst care should be exercised in cstiinatinp; the 
maximum peak load which is likely to o(;cur. Hiph peak loads with low 
daily average necessitate the installation of large machines which are idle 
or operate uneconomically the greater part of the tiriKi and result in heavy 
fixed charges. The financial failure of many electric light and power 
plants is directly traceable to failure to consider the influence of maximum 
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peak loads on the ultimate cost of operation. In connection with central- 
station s(M’vic(% every customer rc])resents a certain investment, regardless 
of the amount of power used. Even should he consume no power, his 
accouiil would hav(^ to 1)(‘ eanic'd on the })ooks and a certain amount of 
e(]uipni(‘nt would liave to Ix' held in readiness to serve him. In order 
that every custouK'r shall incur his share of the expense, the expense of 
the pla-nt must he apiK)rtion(xl between the capacity and output costs. 
The heavier the ])(iak load, the greater will l)e this charge, and, as in case 
with many small lighting i)lants where current is used hut three or four 
Ikuiis a day, the '' rcaidiiK'ss to seive ” charge ])econies excessive, and 
eithei' the statioji must ojKMate at a lf)ss or the unit cost will appea^ to be 
prohibitive. j 

The curves in Ilg. ()7!) are taken from recording amrnetcT and reeWding 
steam-meter readings of a 2()()-kw. direct-connected and a ir)-kw. pelted 
generator s(d installed at the powxa- plant of tlu^ Armour Institi^te of 
Technology, Jind serv(' to illustrate' the influence of load on economy for 
very unfavorable conditions. At cS:0() a.m. the small unit is started up 
with ijiitial load of about loO am])eres. As the load inci*eases the water 
rate decreases, as is showji by the curve AB. At 1):0() a.m. the load is 
beyond th(‘ capacity of tlu' small machine and the large unit is put into 
service. The incn'asc'd watc'r rat.(' of th(' large unit oven’ the re(|uirements 
of the smallei’ is .api)ar('nt from th(‘- sudden lise in the water-rate curve. 
This is due to the fact that the large unit is operating at only 20 per cent 
of its rating, against full load for the small one. The fluctuation of the 
water I’atc with the loa-d variation is clearly shown. ICvidcntly the two 
units are not of the i)jo])(‘J- size for the particular load conditions. During 
the heating months when live steam is necessary for make-up ” pur- 
poses, the unfavorable engine' load has little effect- on the ultimate economy, 
but during the summer months the loss from this cause may be a serioUvS 
one. 

The curves in Figs. (>80 t-o ()S1 show that during the winter months, in a 
combined heat ing and i)ower jdant, the fuel l equirenients may be practi- 
cally uninflueiHX'd by the electrical demands, and ai* increase in electrical 
output does not effect an api)reciable increase in fuel consumption; but 
the influence of the outside t(aiiperature is clearly indic^ated. 

Steam Power Station Design: V. S. Clark, Power, May 24, 1921, p. 827. 

372. Refinement in Power-Plant Design. — There is no question but 
that the installation of various appliances for utilizing the so-called waste- 
heat losses and tlie use of high-pressure and high-temperature steam, 
operating in heat cycles other than the Rankine, will result in increased 
overall thermal efficiencies far above those obtained without these refine- 



FINANCE AND ECONOMICS — COt?T OF POWER 


907 


TABLE 133 

Annu.u, C^ost of Steam Ubiatinc; 

CMiicapo 


Type of liuildiiiK 

() 

() 

t) 

o 

1) 

11 

H 

No, of floors 

H) 

20 

21 

10 

1 1 

21 

17 

Building vol., million vu fl. 

7 .‘> 

Id 

{) 

d 7 

11 d 

7 

IS 1 

Total steam, million lb 

-fl) !) 

71 0 

d7 0 

IS 1 

22 t 

7)d 1 

12 7 

Total eoal, one thousand tons 

!> S7 

() is 

d It; 

1 00 

2 11 

1 .-,1 

1 17. 

(/Oal delivered, dollar^ jier ton 

:> ss 

70 

0 d7 

ti 7)S 

0 17» 

-") 07 

7 SO 

Boiler hp.-hr., millions 

1 o:f 

2 d7 

1 10 

0 00 

0 7.') 

1 77 

0 12 

LI) steam i)er lb of coal 

1 

.') 17 

7) IS 

.’) dd 

7 dO 

7 St 

7) Id 


f\)s| poi HUM) 1 j 1». of SUmiu, (’chI.-i 

Coal . . 

ol U 

2 

til 7) 

til 7 

(iO 0 

71 0 

r>d 0 

Labor. , 

H) 

20 

21 1 

21 0 

22 7 

10 S 

17. d 

Ash removal 

I t) 

1 s 

2 0 

2 S 

2 1 

2 2 

2.d 

Supplies 

d 7 

• i 2 

1 1 

2 S 

d d 

d 0 

d d 

Repairs 

11 (i 

0 7 

M 0 

7 7) 

12 1 

Id S 

15.2 

Fixed charges .... 

IS I 

20 (> 

IS (i 

17 4 

17 7 

10.0 

IS d 

''Potal 

$I 01)2 

$1 w 

«i 22r< 

.1!;i his 

$I l!)l 

%\ 070 

-I!;] lod 


(), OIIko TiuildiiiKs, 1)> Dori.ii uiKMil SInto, 11, Hotels 


merits. This is also truo for iilaiits oporjitin^ on i ho Benson super-pressure 
or the Emmett mercury-steam jmncijilo; but just Avhoro tho added heat 
economy will he bahuiood by iiioreasod liist (*ost,, ooinploxity, and reli- 
ability of operation can only bo dotorniincMl by a, (‘aroful study of all of the 
factors entoring into tin* jaolihan of jiowia- j»;on( 'ration, "ila'iinal fi;aiiis can 
be calculated with a fair dosioo of aoouraoy and first cost (*a.n Ik* estimated 
within reasonable limits, but reliability of oiK'ration can be judged only 
from actual experience. That rapid profj;ross has Ikmui inad(' is evidenced 
by the almost revolutionary ideas incorporati'd in th(^ latest projects. 
Many engineers are very conservative and are slow to ado])t, any marked 
departure from established jnactiee. This reluctance is not due to op- 
position but rather t(t an altitude of “ waiting to be shown/’ with a p;encral 
readiness to accept the innovations as soon as tli(‘ir value is definitely 
established. Fuel and la.br a- costs ami thr' load factor aie the predomina- 
ting influences in drderinining how far it is commercially feasible to carry out 
the thermal savings. Solely because of th(' stefulily increasing cost of fuel, 
small non-(;ondensing steam-electric plants, which do not permit the utiliza- 
tion of a large part of the exhaust for heating or process work, may soon be 
a matter of history. Electiicity for this class of service will, in all prob- 
ability, be furnished either by large central stations or sorrui other type 
of prime mover having lower fuel costs. Even in the large steam-electric 
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TABLE 134 

Cost of Opeiiation, Tall Office Building 


A. CoHt of deain. 

1. Coiil. . . 

2. Ash removal 

3. Boiler-room labor .... 

4. Boiler-room supplies and 


rejiairs 775.00 

5. Boiler-room depreeiation 1,550.00 

0. All jilant overhead . . 775.00 

7. Rental value of sjxice . . . 500.00 


Total steam production. . . 25,700,000 lb. 
Cost per thousand lb. . . 60c 
Steam t o Generators . . . 22,500,000 lb. 
Live .ste.am for heating . 3,200,000 lb. 


25,700,000 Ib. 

Total st<;am for heating. . 16,000,000 lb. 

Live steam for heating . 3,200,000 lb. 


... $ 8,750.00 
70.00 
3,000.00 


{jdl 5,420.00 

B. Coat of electricity. 

1. 22,500,000 lb. stenm (fe. 60r 

2. Labor for geiK'rators . . 

3. Supplies and rejiairs for generators . 

4. Depreciation on giaierators 


lOxhaust used in heating. . 12,800,0001b. 

$13,500.00 

.%000.00 

11.500.00 

\960.00 


«18,te0.00 


5. Credit exhaust for heating 12,H00,0(K) lb. (o. 60c. 7,680.00 


$ll,2io.OO 

Total output, 500,000 kw-lir. 

Cost per kw-hr. = 2-1 /4 c. 

Charge electric! light sold ... . . 1.50,000 kw-hr. (c/' 2-1 /4e. $3,375,00 

enlarge elecjtric system for . . ... (iO, 000 kw-hr (a, 2-l/4o 1,350.00 

Charge elevators for 175,000 kw-hr. (fc 2-1 /4e. 3,945.00 

Charge to general expense 115,000 kw-hr. Qi) 2-1 /4c. 2,610.00 


Cost of heating and hot watcjr. 

1. Live steam, 3,200,000 lb. (d) 60(! 

2. Exhaust for heating 12,800,000 lb. (rC/ 60c. 

Total cost of heating 

From these figures can be made uj) the 


Power Phmt Statement 

Dehit 


A. 

1 

Coal 

$ 9,250.00 


2 

Ash removal 

70.00 


3 

Boiler-room labor , 

3,000.00 


4 

Boiler-room sui^phes and repairs 

775.00 


5 

Boiler-room depreciat ion 

1,550.00 


6 

All plant, overhead 

775.00 

B. 

2 

Labor for generators 

000.00 


3 

Supplies and rejiairs for generators 

1,500 00 


4 

Depreciation on generators . 

900.00 

C. 

1 

Labor for heating system 

. . 450.00 


2 

Labor for (dec trie system 

. . . 550.00 


3 

Labor for elevators 

.... 750.00 

A. 

4 

Electric system 


A. 

5 

Heating system ... 


A. 

7 

Elevators .... 


A. 

8 

General (*xpense . . 


H. 

1 

Electricitv sold 



$11,280.00 

$ 1,920.00 
7,680.00 

$ 9,600.00 


Credit 


$ 1,900.00 
10,050.00 

4.695.00 

2.610.00 
3,375.00 


Total or Account A9.0 $22,630.00 $22,630.00 

* Standard form as recommended by the National Association of Building Owners 
and Managers, Executive Office, Edison Building, Chicago, 111. 
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industrial plant with heavy electrical requirements and low demands for 
steam, it may be more economical to purchase central-station service than 
to generate current within the jdant itself. 

The curves in Fig. ()82, by llirshfeld and p]llenwood’ are of interest in 
showing what may be expcnied in the wa}^ of coal consumption for a 
200,000-kw. steam-turbine j)lant operating on various cycles and steam 
pressures. These curves are based on a capacity' factor of 100 i)er cent, 
combined boiler efficiency 84 per cent, throttle temixuatmx^ 700 deg. fahr., 




200 100 GOO HOU lUOO 1200 

Tlirotllc PresHure, Lb. por Sq. In. Alw. 


Fig. 682 . Itdjitive ComI ( on.siiniption of 
200,000-kw. PLiiils OjuTiitiiiK on Various 
Cycies and Steam Pre^ssure. 



Throttle Pri'SHure, Lb, per Sq.In. Abs. 

Fig. OSa. EfTcct of Steam Pres- 
sure and Cycle on Oist of Energy 
at. Switchboard of 200,()0()-kw. 

riMnts. 


exhaust pressure 1 iy. Hg abs., and heating value of eoal 12,300 B.t.u, 
per 11). Under the assiinual conditions, it appears that with coal at $5.00 
per ton and a p)ressure of (iOO lb. abs., it is immaterial what cycle is used, 
other than the Rankine, and that the gain in economy aliove 000 lb. abs. 
is not attractive. With coal (‘.osting $8.00 per ton, the best pressure for 
base-load conditions would appear to be neai‘ 1000 lb. per sip in. 

The curves in Fig. 083, also by llirshfeld and Fllenwood, show the 
effect of steam pr(\ssure and cycle on the probable cost of energy at the 

1 "High-Pressure, Reheating and Regenerating lor Steam Power Plants.’ Presented 
at the Annual meeting of the A.S.M.E., Dec. 3, 1923. 
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switchboard for this 200,000-kw. plant. Cost of energy is taken as 1 for 
the liankinc cycle at 200 lb. abs. pressure. 

The (nirves in Fig. G84 by .John A. Stevens and Carl J. Sittinger,^ show 
the relation betwc^en coal cost, load factor, and plant costs and offer a 
simple jueans of estimating how Jimch the nec(issary refinements will cost 



and whether the saving in operation will offset the additional fixed charges. 
The use? of these curves is Ixvst illustrated })y the cxainplcs cited by Stevens 
and Sittinger. 

“ Let us assume two initial designs, — one at liflOO ])cr kw. for a 20,000- 
B.t.u, station giving a correction factor of 1.00, and another at $125 per 
kw. for an 18,000-B.t.u. station giving a correction factor of 0.72. With 


Trans. A.S.M.E., Vol. 44, 1922, p. 1154. 
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coal at $7.50 a ton and 60 per cent load factor, how much could wo afford 
to pay for a station giving an economy of 12,000 D.t.u. per kw-hr.?” 

E'er the first case, tlie 12,0()()-H.t.ii. refin(‘d design means 40 })er cent 
less B.t.u. per k\v-hr., for which if would be p(M'mi>sii)l(‘ to pay 62 per cent 
X 1.00 correction factor = 62 per cent mort' than the initial design, or 
$162 per kw. 

For the second case, the r2,0()0-B.t.u. relirual design in(*a,ns 315.^, ])er 
cent reduction in B.t.u. p('j' kw-hi-. for which it would 1 h‘ permissible to 
pay 51 ])er cent X 0.72 collection facd.or ^ .‘^(>.7 ]K'r cent, inoie tha,n the 
initial design, or $171. 

Overall thermal (‘flicienci(‘s in tli(‘ st aim-(‘lectric plant vary from less 
than 5 pei* cent o( th(‘ luait (MUM gy of tln‘ fiK'l, for tlu' small non-condensing 
installation disi’harging th(‘ exhaust tf) waste, to appi-o\imat('ly 20 [)er 
cent in the larger modern condensing centra,! station with favoiabh' load 
factor. Even if it. wer(‘ (‘omiiKM-ciallv ]>iaclica,l to install a,nd ojxM'at.e a 
condensing plant with the most (dlicient (‘yclc‘ so far suggested, utilizing 
steam at 1200 11). initial pressur(\ temiMMaturc* SOO d('g. faiir. and 1 in. 
abs. vacuum, the maximum jiossibU* oveiall efficiency would j^robably 
not exceed 30 ])er cent. ddu‘ av(M’ag(‘ small non-condemsing ])lant in 
which all the exhaust steam is utilizi'd for heating oi* ])ro(‘ess work is 
capable of fui nishing electric* en(‘rgy at an ov(‘rall lu'at efficicMicy of apjirox- 
imately 30 iier cent, and a large non-condemsing phuit (‘(piipped with 
economical boilers and ])j’ime movers could rcxidily ic'alize (>() to 70 ])er 
cent efficiemey under the same conditions. This naturally suggests the 
utilization of the exhaust of la.rg(* c(*ntral ])OW(*r stations for hea,ting and 
process work, by distiibuting the* exhaust st(‘am dir(‘ctly or by (‘inailating 
the condensing water through a closed syst('m. To lx* of commercial 
value, the exhaust steam or circulating watca* must, have* a t(‘m])e7ature 
much higher than that carried in tlu* (‘onvent ional condensing j)lant. 
This necessitates increased first cost of i)rimf‘ moveas and heavy initial 
investment in distributing systems which, maha- tin; ii.sual stf'ani condi- 
tions, frequently rnon^ than offset the* theiinal gain. Ik'sides, the power 
and heat loads do j^ot coincide. Then^ are a numluT of y)ublic utility 
plants operating as combined power and heating plants, in which exhaust 
steam is distributed at 10 to 15 lb. gage pr(*ssure, but few <ire giving satis- 
factory financial redurns because of the transmission heat losses and also 
because of the heavy hxed charges due to tin* hirge-diameter mains re- 
quired to convey low-pressure steam. Wdth high initial i)ressures of, say, 
1000 to 1200 lb. gage and temperatures of 750-800 (l(‘g. fahr. expanding 
down to 200 lb. in a non-condensing turbine or engine, it is possible to 
obtain a kw-hr. on a heat consumi)tion of less than tViat realized in the 
conventional 150 lb. initial pressure, non-condensing plant exhausting at 
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5 to 10 lb. back pressure. The specific volume of the exhaust at 200 lb. 
gage will be less than one-fourth that of saturated steam at 10 lb. gage, 
so that a correspondingly smaller heating main may be furnished for 
the same capacity. This exhaust may be distributed at 200 lb. pres^ 
sure and reduced to 5 or 10 lb. at the point of utilization. The non-com 
densing unit could float on the line and its ])ower output could be regu- 
lated by the demand for heating steam. It could be made to operate 
during the heating season on an overall efficiency of 60 or 70 per cent, or 
more. Where conditions i)ermit, the balance of the power could be pro- 
duced by th(i usual condemsing ecpiipment. Whether or not such an 
arrangement will i)rove c.ommercially successful leinains to be seen, but 
it offers a wide field for conservation of heat. It is possible to design a 
steam power plantr in which practically all of the calorific value of the fuel 
can be utilized for power and luxating purposes, but the c(mimercial success 
of such a design depends not only upon the cost of conserving the heat but 
also upon the existence of a market for its utilization. 

Highest Eificiencij from J ndusirml Sleain Plants: Power, ]M;ir. 2.5, PJ24, p. 4tS3. 

7'fw Margins of Possible I nt provemciit in the CerilralStahon Steam Plant: Mech. 
Engrp;., Dee.., 1923, p. OSS 

The Berison Super- pressure Plant. Power, May 22, 1923, p, 79(); May 20, 1923, p. 842. 

High Pressures and High Temperatures in CeMral Stations: Power, July 15, 1924, p. 87. 


PROBLEMS 

1 . The rat ( h 1 eiipaeitv of a turbine stat ion is 2000 kw., annual gross output 6,380,000 
kw-lir., maximum load during the year 1800 kw'. Reciuired the station load factor and 
the station out])ut factor. 

2 . If the f)lan1 in Problem 1 costs $200 per kw. of rated capacity and the annual 
fixed charges amount, to 14 jier cent, recpiired tin* fixed charges p(’r kw’-hr. 

3 . A plant (uxst originally $200,000. It is proposed to establish a sinking fund on a 
3 per cent basis. If the weighted life of the plant is assumed to be 20 years and the 
junk value of the apparatus at- tlie expiration of this jxaiod is estimated at 1.5 per cent 
of the original (;ost, how much money must be jdaced in the n^serve fund each year? 

4 . What will be the aixaimulatcd fund in Problem 4 at the end of 15 years? 

6. A coal-handling e(xuipment, purchase price $2.5,000, js 5 years old, and the 
yearly ojierating cost, including all charges except for functional depreciation, is as 
follows; Isl- year $2,500, 2nd year $2t)00, 3rd year $3000, 4th year $.3400, 5th year 
$4000. If the interest rat-e is 6 }ier cent, reipiired the eipiated annual operating cost. 

6 . Suiiposo a iK'w system is on the market, suitidile for the service performed by 
the one discussed in Problem .5, but more (’conomical in oiieration. The new system 
costs $3.5,0(X) and its estimated funcJ-ional life and salvage are 10 years and $1500, 
respectively. Assuming that the salvage of the old equipment is $1200, and that the 
estimated equated annual operating cost of the new system is $2500, will it pay to 
junk the old one? Assume interest rate on the sinking-fund deposits to be 6 per cent. 

7 . A steam-electric powa^r plant has been in operation for 8 years, original cost 
$450,000, equated annual operating cost for this period $65,000. The depreciation 
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annuity for this equipment is Inisod on iin assumed functional life of -0 years with 
interest at 5 |)eT cent. A new and more economical plant, ot the same capacity as the 
old one. can be i)urcha.s(Hl complcMely installed for $r)(X),l)00. 'fhe estimated equated 
annual operaiinjj; exiiense of tlu‘ new plant is $do,000. If tlie old [darit can be sold for 
$50,000 net, what is its de])reciated value? Assume a functional life of 25 years for the 
new unit and a salvage value of $15,000 

8 . What is the depreciated value of th(‘ plant iii Problem 7 on tlii' slrai^;ht-line 
basis? (hi the sinlvinj^-fuiid basis? 

9 . The avera^je fuel con.siinuit ion of a o0.(KM)-kw tin bo-p;t‘ncrator iilant is l.S lb. 
coal (11,000 B.t u. [ler lb ) per kw-lir lor a >early station output-load factor of 0.12. 
The cost of coal is $4 jier ton of 2000 Ib. and lli(‘ fuel cost is oO jier cent ol the total 
station ojieratinp; costs. What is the total cost of ojicration, dollars p(*r >ear ^ 

10 . A 20,000-kw. turbo-penerator uses 11 Ib steam lu'r kw-hr , initial jiressuri; 215 
lb. absolute, superlieat 150 dep. fahr., vacuum 27 5 in. leferred to a dO-in barometer, 
feedwater ISO dep. fahr. If the average overall boih'r and iiirnace cflicieiicy is 70 
per cent and tlu‘ calorific value of th(‘ coal is 12.500 H t u. pi'r Ib , naiuiicd the averape 
H.t.ii. supplied bv the fuel per kw-hr. penerated. Ih'ti'rmiue also the averape weiplit 
of eoal used per kw-hr. 

11 . Durinp the winter months, all of Ihe (‘xhau.st steam iioni a, 500-h]) uon-eon- 
deiisinp enpiue-peiierator set is usial for lieatiiip pur])oses haipiiK' uses an averape (>f 
50 lb. steam per kw-hr., initial ines.sure 125 lb ab.sohil(s b.ack pressure 17 Ib. absolute, 
initial (piality 08 per cent, feialwater 210 dep fahr. If t)i(‘ avi'rapi' ovianll boiler and 
furnace effieieney is 05 per cent and the eoal costs $5 p(‘i’ ton ol 2000 lb (calorific value 
12,000 B t.u. per lb.), what is the actual co.st ol fuel for powei only, cents ]Kir kw-hr.? 
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TYPICAL SPECIFICATIONS 

373. Specifleaiions for a Horizontal Tubular Steam Boiler.^ — The fol- 

lowiiif;' s|)e(‘ifi(‘iiti()iis for one 72-iii. horizoiital-retiirii tul)ulav steam boiler, 
pressure 150 lb., weie fm'pared by the HarRord Steam Boiler Iiispeetiou 
and Insiira,nee (’omi)aiiy for the Armour Institute of Techm)lop;y, Clhjieago: 

This sp(‘(*ificatioii is iiibuided to eover the eoiistrue.tion of oiielhori- 
zorital tiilnilar boiler designed to optu-ate at a maximum ju’essure oi 150 
lb. per sq. in. Eadi bidder must sul)mit a pro])osal for doing the Work 
exae.tly as s])e(‘ified, l)iit alternate i)ro])osals involving slight modifications 
will also ree(‘ivc eonsidta-alion juovided such inodifieafions are fully 
described. 

The Boiler Contractor shall furnish the various a(*eessories mentioned 
herein and he shall also ])r()vidc all t,he necessary miscelhineous iron or 
steel Avork as her(‘inaft(‘r enumerated. The ('onfractor under this speci- 
fication will not be recjuired to construct foundations, brickwork or other 
masonry. 

Drawing,^, — Drawings prepared by The Hartford Steam Boiler In- 
spection and Insurance (-onipany accompany this specification and are 
made a part hereof ; t Ik* dr aAvings and sp(‘cification arc intended to suf)- 
l)lemcnt each other and to b(* mutually (‘o-oj)erative, and, unk^ss otherwise 
noted, the Boiler Contractor shall folloAv all d(*tails and shall furnish all 
parts and fittings whicli may be recpiired by the draAvings and omitted by 
the specification, or vic(^ versa, just as though required by both. The 
said draAvings are identified respectively by Nos. ()2()() and 4890. 

General Data. — The boiler with its fittings shall be constructed and 
furnished in a(KH)rdanci* Avith the following general data and dimensions: — 


Dimneter measured on inside of largest course 72 in. 

Number of courses Three. 


Thickness of material : Heads, in. Butt-straps, in. Shell-plates, 

ilin. 

Girth sea 7 ns: Single-riveted lap-joints with rivets spaced 23 in. on centers. 

Longitiiditial scams Quadruple-riveted butt-joints. 

Diameter of rivets for all sea7ns j in. Oc-in. holes). 

^ ParaKra})hs pertaining to properties of steel plates, rivets, and tubes have been 
greatly abridged because of space limitation. 
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Tvbes : Number, 70. Diameter, 4 in. Loii^th, IS ft. Thickness, 
0.134 in. 

Braces above tubes : Number on each head, 20. Least diameter, IJ in. 
Diameter of rivc't hoh^s for attaching, | in. Least cross-sectional 
area through sides at each rivet hole on head end, O.fjo s(]. in.; ditto 
on shell end IJO sq. in. 

Through-braces below tubes : Nunib(*i‘, 2. Leas! diamei(‘r, 2 in. Lefist 
diameter of u|)set on froni (Mid, 2\ in. Dianu'ler of ])in, 1:| in. Least 
cross-sectional ar(‘a tlirongh c(mi1(m* of (\ve, 3.So scj. in. 


Size of blow-off pipe . 2^ in. 

Diameter of nozzles : Steam ojxMiing (i in. 

Safety valve conneciion 0 in, 

Size of feed-pipe , 1^^- 

Manholes : One in Irojit IumkI Im'Iow lulx's a,nd oik' in toj) of she'll. 

Size of grates. . 72 in. long by ()(> in. wide. 

Height from grates to bottom of slu t f at. froni (mkI 40 in. 

Smoke-Box : Boltial to front Ihn'uI by clip anghvs. Smoke oixuiing 
00 in. by 11 in. 

Style of Front , . ....Flush, 

Fittings to b(‘ furnish(‘(l with tlie boika* as follows: — ()n(^ 10-in. steam 
gage gT’aduat(*(l fiom 0 to 225 lb., brass siphon and union-cock for 


gage, two 21-111. safety valves with minimum lift of O.OS in., tlang(*(l 
Y-base for safety valv(\s, thn'e {-in. gage cocks, one combination 
water-column, one '{-in. ga,g(' glass 14 in. long. 

Method of Supjwrt. — The boiler shall b(‘ susj)end(Hl by means of U- 
bolts and shad hangers, from a framcAvork made up of four I-lxMims and 
four columns. I-beams shall Ix' S in. de(‘]) and shall weigh IS II). per ft.; 
they shall be assembkal in pairs by iiKMins of ti(‘-bolts and separators, 
spaced near (Mich (uid and at intervals of not mor(^ than 4 ft., in such 
manner that the adjacent (‘dges will b(‘ 3 in. ajiart. If cast-iron columns 
are used th(^y shall be round with an outsiik* diametor of 8 in. and a thick- 
m^ss of I in., or sciurjie with a width of 8 in. and a thickiK'ss (jf ? in. Six- 
inch rolled-steol H-beams, w(dghing 23.8 lb. p(M' ft. may b(' used for columns 
but no other form of structural ste(d column will be ajiprovcal uiik3ss it can 
be shown that the safe load (figured in the usual manner with regard to 
length and radius of gyration) will b(* (xpial to that which can be allowed 
on the H-bcams specified above. Steel columns shall liav(‘, suitable base- 
plates and cap-plates riveted on and cast-iron columns shall be made with 
top and bottom flanges of prop('r design. Details of hangers, U-bolts, 
etc., are shown on the accompanying drawing. 

Properties of Steel Plates, — (Chemical reciuirements have been omitted.) 
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Complete tests must be made to show that each plate will fulfill the above 
requirements in regard to tensile strength, elastic limit, chemical com- 
position, elongation, bending, and homogemuty; and any plates failing 
to meet tli(' said reciuirements shall be rej('cted. One tension, one cold- 
bend, and one qu(uich-bend test shall be made from each plate as rolled. 
All details in regard to size and shape of specimens, method of making 
tests, etc., shall be in strict accordance with the “ Recpiirements for Test- 
ing Stecil,” as adopted by The Hartford Steam Boiler Inspection and In- 
surance Company. 

All tests and inspections of material may be made at the place of manu- 
facture prior to shipment. Certified copies of re])orts of all tests must be 
approved by a I'eprc^sentative of The Hartford Steam Boiler Tnsjjjection 
and Insiiraiuje Com]:)any before any of the material covered thereby is 
used for any portion of the work contemplated by this specification. \ 

Stampinij. — (Omitted.) \ 

Rivetfi. — (Omitted.) 

Details of Riveting. — Longitudinal seams shall be of the butt-joint 
type with doiiblc^ covering straps, and the details shall be as specified 
herein and as shown on the accompanying drawing, exc.ept that the pitch 
of rivets in th('> outer row may be ineax^avsed or decreased (with correspond- 
ing changes in the X)itcli of rivets in the other rows) in (;ases where such 
chang(is arc desirable in ordei* to secure a proper spacing of rivets between 
girth seams. It must be understood, howev(;r, that no such (diange dan 
be made without the consent and approval of th(^ inspector having juris- 
diction and no such change shall be allowed if it will result in a factor of 
safety lower than 5.00 or if it will produce a pitch too great for proper 
calking. Exc(q^t for rivet holes in the ends of butt-straps, the distance 
from the center of the rivet to the edge of the plate must never be less than 
one and one-half (1^) times the diameter of the rivet hole. The seams 
must be arranged to come well above the fire-line and to break joints in 
the separate courses. 

Rivet holes shall either bo drilled full size with plates, butt-straps and 
heads bolted up in position or else they shall be i)#inched at least one- 
quarter inch (^") less than full size. If the latter method is used, plates, 
straps, and heads shall be assembled and bolted together after punching 
and the rivet holes shall be drilled or reamed in place one-sixteenth inch 
(jig") larger than the diameter of the rivets. After reaming or drilling, 
plates and butt-straps shall be disconnected and the burrs removed from 
the edges of all rivet holes. If any holes are out of true more than one- 
sixty-fourth inch (e^'O) l^ey must be brought into line with a reamer or 
drill; evidence that a drift-pin has been used for this purpose will be 
sufficient cause for the rejection of the entire work. The plates must be 
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rolled to a true circle before drillinp; and the butt-straps and ends of plates 
formuig the longitudinal joints must be formed to the in*oper curvature 
by pressure, — not by blows. Particular care must be used to secure 
proper fitting where the courses telescope together at girth seams. This is a 
matter of the utmost importance and the results obtained will be considered 
as a criterion of the general character of the workmanship thi*oughout;. 

Rivets must be of sufficient length to coinpleti'ly fill tlu' rivet holes 
and form heads ecpial in stnaigth to the bodies of tlu' rivets. Rivets 
shall be machine-driven wheiever possible, and always with sufficient 
pressure to entirely fill tlu^ rivet holes; the authorized ins])ector of The 
Hartford Steam Boiler Inspection and Ijisurancir Company shall have the 
privilege of cutting out livets to see if satisfactoiy results have been 
obtained and all such work of cutting rivets and replacing them shall be 
done at the exi)cnse of the Contractor. Hivc'ts siiall be allowed to cool 
and shrink under pressure. 

Calking and FhDigmg. — All calking edges shall be Ix^veled to an angle 
of about fifteen degiees (In'") and (‘very i)ortion of such edges shall l)e 
plancxl or milled to a de])th of not l(‘ss than oiuM'ighth inch (!")• Bevel- 
shearing will not be acceptable in ])la.ce of jdaning or milling but chip- 
ping will be allowcxl in special cases })rovid(‘d the workmanship will meet 
with th(^ inspcH'tor’s approval. All seams must be carefully (talked with 
a round-nosed tool. 

Flanging must be performed in such inannei’ tliat the flange will stand 
accurately at right angles to the face of tfi(‘ shc'ct and the st-raight portion 
of the flange must, be long (mough to allow for making a ])erf(‘ct joint with 
the shell ])late. The radius of tfie bend, on the outsider, shall be at least 
equal to four times the thickm^ss of the head. 

Tubes. — ((diemical re(pur(‘meiits and method of testing have been 
omitted.) Each tube must be legibly stenciled wilh the name or brand 
of the manufacturer, the material from whicdi it is made (steel or char- 
coal iron), and the words “ Tested at 1000 lb.’' 

All tests and inspections shall be made at, the j)lace of manufacture 
and the Boiler C’ontjactor shall require the tube manufac'turer to certify 
that the tubes have been tested and have met thci requirements stated 
above. Tubes shall be rejected when insei‘ted in the boiler if they fail to 
stand expanding and beading without showing cracks or flaws, or opening 
at the weld. 

Tube holes may either be drilled full size or punched so as to have 
a diameter at least one-half inch ( 2 ") less than full size and then drilled, 
reamed, or finished full size with a rotating cutter. The full size diameter 
of the hole shall be iiich greater than the outside tube diameter. Edges 
of tube holes shall be properly chamfered. 
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Tubes shall be set with a Dudgeon expander and all ends shall be sub- 
stantially beadc^d. 

Staying. — Tluj number, siz(‘, arrangement, and general details of stays 
or braces are specified on page — and shown on the drawing. No changes 
shall be made in the number and location of braces without the approval 
of The Hartford Steam Boiler Ins])ection and Insurance C'ompany. All 
braces shall be made of solid, w(ildless mild steel. 

Braces above'. llu‘ tubes shall be of the diagonal crowfoot form and 
none of tlu'in shall l)e less Mian three feet, six inches (3' (>") long. Each 
brace shall b(^ attachc'd by m('.ans of four rivets, two at each end; rivets 
of a largcir diametcu’ than s])ecifi(‘d on page — may be used if preferred, 
but the cross-s(*c.1ioual area through the bra,c(' at the sides of th(j rivet 
holes must b(‘ maintained as calU'd for. Braces having a rectatigular 
cross section may be used providc'd the cross-sectional area of each prace 
is e(pial to that of i‘.acli of the round biaces si)ecified, and provided also 
that the rcupiiremc'nls r('gar(ling size of rivets and net, area through rivet 
holes are fulfilled. Bra(*('s must be carefully s('t, to bear uniform tension. 

Through bra,ces shall be used below the tubes, extending from head 
to head. Each bia(*(‘ shall be u])set on the r(Mir end to form an eye and 
the eye shall be inseit(‘d between the outst-a-nding h'gs of a pair of angle- 
irons and h(‘ld in place' l)y a turned bolt passing thiough holes drilled in 
both angles and in the eye. The angk's shall })e se^ciirely riveted to the 
rear head in the mannei* shown on the drawing, beang held at, a distance 
of three inches from the head by means of s]xic,ers made of extra heavy 
I)ipe. Spacers must be accura,tely scpiaied on both ejids so that they will 
all be of the vsame length a,nd will furnish a rigid a,nd uniform bearing 
for the angles. Thrtmgh brac(‘s shall be upset and threaded on the front 
ends and shall ])ass through tlu' front head, being secured with nuts and 
washers both inside and outside. Th(' center liiu' of the l)races at the front 
head must not be lower than the center line of the manhole. 

Manholes. — Manholes shall be oval or elliptical in shape, not smaller 
than 15 in. long by 11 in. wide, and shall conform to the following re- 
quirements: — • 

The manhole in the toj) of the shell shall be platted with its long di- 
mension crossways of the l)oiler. The frame shall be made of pressed 
steel formed to the proper curvature, and it shall be riveted to the inside 
of the shell with two rows of rivets symmetrically spaced. Based on the 
allowance of 44,000 lb. per sq. in. the size and number of the rivets must 
be such that theii- total shearing strength will not be less than twice the 
tensile strc'iigth of the i)late removed, as figured from the cross-sectional 
area in a jdane passing through the center of the manhole and the axis of 
the shell; the net cross-sectional area of the manhole frame, as cut by 
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such a plane, must not be less than the cross-see iional area of the plate 
removed in the same ])lane. 

The manhole in the front head shall be formed by flanginp; the head 
inwardly to a dei)th of not l(\ss than three tiiiK's the tliickness of tlie 
head all around the opening*: aiul a steel band shall be shrunk on, ])iniied 
in position, and properly machined for the j 2 ;asket bearing;; the band will 
not be recpiired if a recessed manhole ])lato is iisi‘d. 

All necessary manhole ])lates, yokels, bolts, and ‘j.askets sliaJl be fur- 
nished to make the inslallation compl(‘l(', tl\e vai'ious ])arts bein^ pro- 
portioned so as to have a strength (Hpial to that of manhole frames. Man- 
hole plat(‘s and yokes shall lu^ ma.d(‘ of pn'ssed st('(‘l. (laskcd Ix^arin^s 
shall be at least- oiu'-half inch (V') wide and the thickness of ji;ask(‘l,s shall 
not exceed one-quarter incJi (J''). 

Nozzles. — Noz/J(‘s shall 1>(‘ made of ])ress<‘d or cast ste(‘I and shall b(' 
of heavy and substantial d(‘si,i],n projxa-ly adapted to th(‘ prc’ssurc' to be 
carried. Thew must b(‘ accuratedy shajua! to (it tlu‘ curvature' of th(' shell 
and jnust b(‘ carefully aaid secui('l>' i‘iv(‘l(‘d m ])la.(‘(' in such mann('r that 
the face of ea,ch tlanj»;(‘ alter enadion will lie' in a hoiizontal plane' |)a-rall(d 
with the uj)])('r surface e)f tiie' tube's. The tlanf»;(' of e'aedi nozzles must be 
projKaly fae*eel. 

Feed Piping. — T'd'cd pijiinp^ niust be' firmly supporte'd in the* boile'r in 
such mjiniH'r (hat, no ])e)rt,ion e)f t-lie^ ])i])in^ earn be' in ex)ntae*l- with ajiy 
of the' tube's eir othei- parts e)f the be)ile'r. The' le'e'd pijX' shall e'uteu’ the 
boiler thi’ou^h the' front hea-d by me'a-ns e)f a- brass or ste'e'l bushing plaex'd 
on the left-hand side' of the* boile'r, threx' ine*he‘s (1:5") abe)ve' the' (,e)p e)f the 
ujiper re)w of tube's as shejwn f)n the' eha-wiiif;’. 'riie* lee'd pi|X' shall e'xte'uel 
back frean the bushing’ te) ap])re)xiimue*ly t hre'e'-lift hs the le'ii^th of the 
boiler, ciossinp; over to the* e-enter anel eiischarKmj; a,be)ve' t-he^ tulxjs. The 
pipe must not elischar^e' in pre)ximit-y to any nve'le'd je)int-. 

All extenaial fe'ed ihpiTip; will be furnishe'el unde-r se‘i)aiat(' e-,e)ntract but 
the Be)iler (Vmtractor must- le'ave the threxiels in projx'j- cmielition so that 
the piping e-an be re'aelily cejiinecte'el. 

Blow-off Pipe Copneetion. — A coime'.ction ioi- ble)w-o(f pijie shall be 
pre^vided on the bedtenn of the she'll ne'ar the' rear end, as she)wn e)n the 
drawing. It shall consist of an extra-heavy i)re'ssed stex'l flange, pre)]X'rly 
tapped for the blow-off pipe and se'curely rive'te'd to the' l)e)ile‘i’ shedl. 

Fusible Plug. — A fusible plug shall Ix' })lace'el in the* re'ar heael, e)n the 
vertical diameter, anel the center e)f the [dug must ne)t Ix' less than two 
inches (2") alK)ve the uppeir surface of the tubes. The jdug must faojeet 
through the shee't not le.ss than one ine-h ( l"j. 

Fusible plugs shall be filled with pure tin the least diameter of which 
shall be one-half inch (V')- 
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Safety Valven, — Safety valves shall be of the direct spring-loaded 
pof) type with seats and disks of nickel or other non-ferrous material. 
Valves must operate without chattering and must be set and adjusted 
to close after blowing down not more than 6 lb. Springs must not show a 
permanent set exceeding in. ten minutes after being released from a 
cold comi)ression test closing the spring solid; no si)ring shall be used 
for a pressure in excciss of 10 per cent above or below that for which it was 
designed. 

Each saf('ty valve shall hav(i a substantial lifting device with the spindle 
so attached that the valve disk can be lifted from its seat through a distance 
not less than one-temth of the nominal diameter of th(' valve, when there 
is no pressure on the boiler. j 

The following items shall he jdainly stamped or cast upon the body: 

(а) The name oi' identifying trade-mark of the manufacturer. \ 

(б) The nominal diameter with the words “ Bevel Seat or “ Elat 

Seat." \ 

(c) The steam i)ressure at which the valve is set to blow. 

{d) The lift of the valve disk from its seat, meavsuied immediately 
after the sudden lift due to the j)op. 

(e) The weight, of steam discharged in lb. per hour at the pressure for 
which it is set, to blow. 

(/) The letters A. S. M. E. Std. 

Safety valves liaving a lower lift than that specified on page — may be 
used but the diameter must be increased proportionately as directed by 
The Hartford Steam Boiler Inspection and Insurance (-oinpany. 

In the absence* of any specific directions from the; Purchaser, the Boiler 
Contractor shall state in his })rojH)sal the make and style of valve which 
he intends to furnish. It is understood that failure to do this will give 
the Purchaser the right to si)e(!ify the make of valve after the contract is 
awarded and, in such event, the Contractor agrees to furnish any make 
the Purchaser may s(‘lect. 

Fittinys. — The foregoing in regard to choosing ^he make and style 
of safety-valves shall apply in the same manner and with equal force to 
the make of gage-cocks, water-column, steam-gage, etc. 

The combination type of water-column shall be used and openings 
for water and steam connections must be tapped for'one-and-on e-quarter- 
inch (li") pipes. Brass pipe shall be provided for the water connection 
and the piping shall be made up with plugged fittings to facilitate 
cleaning. 

The Boiler Contractor shall properly drill and tap all holes required 
for the installaton of the various fittings, including also a one-quarter- 
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inch (J") pipe with valve for the connection of test gage. The sizes of 
stcani-gago, gage-cocks, and gage-glass are specified on page — . 

All nozzles, flanges, fittings, etc., furnished under this specification must 
correspond in diameter, diilling, and other details with the “ American 
Standard for the stipulated |)ressure. 

Front .' — The frojit shall he constructed of sectional ]date steel or of 
cast iron and the ( ontractoi- must state in his ])r()p()sa,l which form he 
intends to fuinish. If jiiade of steel, the ])lal('s must not be less than 
three-eighths inch (J") thick (except for moldiitgs, etc.) and they must 
be straight and smooth with all edges machined and ])roperly fitted to 
make good joints. Heavy cast-iron door-frames with planed surfaces 
shall he securely bolted to the plates and the fronts shall he further rein- 
foi ced against warping by means of channel irons or other suitable braces 
placed on the back. 

If made of cast iron, the front- must be of heavy and substantial design 
and all castings must be smooth, true, and free from cracks, blow-holes, 
or other defects. 

The usual fire doors, ashjat doors, and doors for giving access to the 
tubes shall be i)rovided as shown on the accompanying drawings. All 
doors must be of heavy design and all contact, surfaces must be carefully 
machined so that tlu* doors will fit closely. VAwh flue dooi- must be pro- 
vided with a suitable fastening at top and bottom, designed to clamp 
the door tightly in the closed [)()sition and im'vcait- warping. All doors 
shall be furnished complete with haiidJes, catches, hinge-bolts, etc., and 
fire doors shall have liner ])la.t('s. 

The Boiler (-ontractor shall fuinish all lu'cessarv anchor bolts for 
holding the front in iiosition and shall se(‘ that the hol(‘s for th(‘- same 
are properly located in the steel jilates or ca, stings. Anchor bolts shall 
have a diameter of at k^ast seven-eighths inch (J") and shall be threaded 
and provided with nuts. 

All parts must be carefully made so that th(', front will present a neat 
appearance after erection. Open joints, loosely-fitting hinges or other 
indications of carelyss woikmanshi]) will be sufficient cause for rejection 
and the Purchaser shall have the oj)tion of making any Tiecessary modifi- 
cations and deducting the c.ost thereof from the contract price or of requir- 
ing the Contractor to fui nish new parts which will be satisfactory. 

Grates. — The Boiler Contractor shall figure on furnishing stationary 
grates of suitable design and shall base his proposal thereon. If requested 
by the Purchaser, he shall submit an alternate proposal for furnishing 
shaking, rocking, or dunijung grates of a type which the Purchaser will 
specify. 

MisceVaneouH Iron Work. — Arch bars for rear connection shall be 
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made as shown on the accompanying drawings or in accordance with 
some detail which will meet with the approval of The Hartford Steam 
Boiler Inspection and Insurance Company. The Company will not 
approve any arch l)ar the metal of which is exposed to the action of the 
flames and hot gases. 

The rear connection door must fit closely and the frame must be pro- 
vided with means for anchoring into the brickwork. The door must not 
be smaller than sixteen inches i\v twenty-four inches (10" X 24"). 

The Boiler ( 'on tractor shall furnish all necessary bearer-])ars for grates, 
all buckstays, tie-rods, lintels for clean-out doois, bolts, etc., and any 
other iron work, not specifically mentioned hc'rein, which may be needed 
to complete the installation in the brick setting. Buckstays must be 
made of pressed steel or its ecpii valent; cast iron will not be accej)ted. 

Teati^. — Th(^ Boiler Contractor shall at all times afford all facilities 
to The Hartford Steam Boiler Inspection and Insurance Company, \ind 
its authorized represemtatives, for the t.(‘st and inspect ion of all materials 
and workmanship cFiteiing into the work covered by this sp(n'ifi cation. 

Hydrostath*- tests shall be made in tlie presence of tl'e authorized in- 
spector of ''ITie Hartford Steam Boiler Inspection and Insurance Company 
and in a manner which will meet, with the api)roval of the said inspector. 
The pressure for such tests shall not exceed one and one-half (I j) times 
the maximum working pj c'ssure as hereinbefore stated. 

Local or State Laivs. — All details of construction and installation 
shall be made in strict accordance with any local oi- State oiclinances 
which may api)ly and nothing in this spechication shall be interpreted 
as an infringement of such rules or ordinances. If juiy discrepancy 
should arise, the Contractor shall immediately re]>ort it to The Hartford 
Steam Boiler Inspection and Insurance Company for settlement. 

374. Spcclllcations for Steam, Exhaust, Water, and Condenser Piping 
for an Electric Power Station.^ — The work referred to in this contract 

shall be conducted under the general supei’vision of 

(referred to as the Engineers), who shall interpret the Specifications and 
the Drawings that may accompany the Specifications, and shall arbitrate 
any controversies between the parties heieto, that may arise under this 
contract, their decision to ])e final and binding upon both of the con- 
tracting parties. 

The Contractor shall comply wdth all laws, statutes, ordinances, acts, 
and regulations of the town or city, the state and the government in which 
the work is to be performed, and shall pay all fees for permits and in- 
spections required thereby. 

The Contractor shall, at an early date, communicate with other con- 
^ From the files of a prominent Chicago engineering firm. 
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tractors employed by the Purchaser, and shall work in harmony with them, 
any differences of opinion b(*tvveen contractoi’s being; arbitrated by the 
Enpneers or their representative. 

The Contractor shall begiiu work as soon as possible, and complete 
same, free of all liens and chari^es, on or before the time mentioned herein. 
If, in the opinion of the Kng;ineers, the Contractor fails to prosecute the 
work with the necessaiy means and diligcmce to insure its completion 
within the time limit, tluni the ICngineers shall notify the Contractor by 
written notice to that (‘fleet,, and the Purchaser may order the Contractor 
to employ more nu'n, inacliiiKay, and tools to be put upon the work, 
specifying: th(^ additional foicc^ r(M|uirnl, and if the Contractor fails to 
comply with smfi written dcinand within six ((>) days from the date thcireof, 
or within such time as tlic Kng;in(‘ers in writing; prescribe, then the Pur- 
(Phaser may employ lu'cessary m(\ins to com])lete the work within the time 
reepnred, and such additional (‘.osl caus('d by either the employment of 
additional men, machinery, or othc'rwise, shall be deducted from any 
funds due, or that may b(‘come due the Contractor on ac(iount of this 
contract. The Contractor shall remove any [)a,rticular workman or 
woi'kmen from the work, if in th(‘ judgment of the Engineers it will be 
for the best interest, of the woi’k. 

Th(5 Engimna’s shall have the right to mak(' any changes in the Draw- 
ings or Specifications that. th(\v dcH^m dt'sirable. Slioiild any additiimal 
labor or material b(‘ involvcnl in such changers, the (Vjntractor shall be paid 
for supplying same; on tli(^ other hand, should such changes reduc,e the 
amount of labor or mateiial from that originally sp(a*ified, the Contractor 
shall sustain an (H|uivalent lauluction in the contract amount and the 
Phigineei’s shall be the arbiters in deUu-mining rates of iiuTcasc^ or reduc- 
tion. No claim shall he allowed for extra labor or material above the 
contract amount, unk'ss same shall have bc^en ordered in writing, with 
remuneration stipulated, Uy the Faiginec^rs. Acceptance by the Con- 
tractor of final ]iayment on the contract price shall constitute a waiver 
of all claims against the Purchaser. 

All material and workmanship furnished und(ir this contract must 
be of the best (piality in (wery particular and the ( Contractor must remedy 
any defects which (kwclop during the first year of actual service, due to 
faulty material or workmanship, free of expense to the Purchaser. The 
Purchaser, the Engineers, or their representative may inspect any ma- 
chinery, material or work to be furnished under this contract and may 
reject any which is defective or unsuitable for the uses and purposes in- 
tended, or not in accordance with the intent of this contract, and may 
order the Contractor to remedy or replace same; or the Purchaser may, 
if necessary, rfimedy or replace same at the expense of the Contractor. 
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Until accepted in its entirety by the Purchaser, all work shall be done 
at the (Contractor's risk, and if any loss or damage should occur to the 
work from fire or any other cause, the Contractor shall promptly repair 
or replace such loss or damage free of all expense to the Purchaser. The 
(Contractor shall be responsible for any loss or damage to material, tools 
or other articles used or held for mse in or about the work. 

The work shall be carried on to completion without damage to any 
work or property of th(^ Purchaser or of others, and without interfering 
with the operation of their machinery or ai)paratus. 

The (Contractor shall furnish all false work, tools and appliances that 
may be recpiircd to accomplish the work and shall remove all di^bris after 
erection. j 

The (Conti'actor must be responsildc for the safety of the work Until 
finished and accepted by the Purchaser and must maintain all lifmts, 
guards, and tempoi'aiy passages necessary For lhat pur[)ose. In tWse 
of any ac(‘ident causing injury to person or property, the (Contractor 
shall obtain acxiuittance from or pay the injured person (whether such 
person be an employee, a fellow-contractor, an employee of a fellow- 
contractor, or otherwise) the amount of damages to which he or she 
may be legally entitled on account of any act or omission of the (Con- 
tractor or of any agent or employee of the (Contractor, during the per- 
formance of the work refeired to herein, and shall provide adequate 
insurance to protect th(' Purchaser from all claims arising therefrom, 
The Contractor shall, further, insure the compensation provided for in 
any workman's c.ompensation act which may affc'ct the work, to all its 
employees or their beneficiaiies, and the (Contractor shall carry insurance 
in a company satisfactory to the Purchaser, insuring said compensation 
to its employees or their beneficiaries. The (Contractor shall notify his 
insurance company and cause the name of tlu^ Purchaser’ to be incorporated 
in the compensation policy, the policy or a (^ojry thereof to be deposited 
with the Purchaser upon recpiest. The Contractor must savt^ the Pur- 
chaser from all claims for damages set up by reason of any such injury 
and from all expenses resulting therefrom. • 

No certificates given or payments made shall be considered as con- 
clusive evidence of the performance of this contract, either wholly or 
in part, nor shall any certificate of payment, be construed as acceptance 
of defective work or improper materials. The Contractor agrees to fur- 
nish the Purchaser or the Engineers, if requi^sled, at any time during the 
progress of the work, a statement showing the (Contractor’s total out- 
standing indebtedness for material and labor in connection with the work 
covered by this contract, such statement to be certified to by a notary 
public. Before final payment is made the Contractor shall satisfy the 
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Purchaser by affidavits or otherwise, that there are no outstanding liens 
for labor or imiteriiils against the Pureliaser’s premises by reason of any 
work done or materials I'm iiislKMl under this eontra-el. 

If, during the progr(\ss of the work, the Contractor sliould allow any 
indebtedness to accnu' for labor or material to sub-contiactors or others, 
and should fail to iiay and discharge same within live (5) days after de- 
mand made by any jHason furnishing such labor or material, then the 
Purchaser may withhold any money due the Contractor until such in- 
debtedness is })aid, or ap[)ly same toward the discharge thereof. 

All royalties for pat (‘ids, or charges for the iis(' oi- infiingenu'nt then^of, 
that may be invoKa'd in the (‘onst ruction or use of any machiiu'ry or ap- 
pliance referred to her(‘in, shall be included in the contract price, and the 
Contractor must satisfy all demands of this natun*, that, may be made 
against the Pui chaser at. any time. 

This contract, shall not be assigned noi- shall any part of the work 
be sub-let by the Contractor without the written conscmt of the Engi- 
neers being first obtained, but such approval shall not relieve* the (Con- 
tractor from full resjionsibility for the work iiu^luded in this contract 
and for the due ])erforman(‘e of all the terms and conditions of this con- 
tract; and in no cas(' shall such aj)])roval Ix^ granted until such Con- 
tractor has furnished the Pur(‘.hase“ with satisfac.t.ory evidence that the 
Sub-contractor is carrying ample workmen’s com])ensation insurance to 
the same extent, and in the same manner as is herein provided to be fur- 
nished by the Contractor. 


Ceneual Data 

The work hendn referriMl t.o comprises the furnishing of all material 
and labor for the comphde installation of Piping Systems for two (2) 
kw. units to be installed in the Power Station being erected by 

Each of the two (2) units is comprised of the following machinery: 

^ (List of machinery omitted.) 

All of the above macliinery will be installed on the foundations by 
their respective contractors, and this Contractor shall make all piping 
connection to same unless otherwise mentioned. 

Drawings. (These have been omitted.) 

This contractor shall tak(! such m(‘.asurements at the building and allow 
for such make-up pieces as shall be necessary to make his work come 
true, as the Purchaser and its Engineers cannot be responsible for the 
exact accuracy of the dimensions given on Drawings. 

The Drawings and Specifications must be taken together and any 
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work called for in the one or indicated in the other, or such work as can be 
reasonably taken as belonging to the Piping Connections and necessary 
to complete the system, is to be included. 

Live Steam Piping 

Connections from Boilers. — Each of the eight (8) boilers will be pro- 
vided with two (2) 8-in. steam outlets to which this CVmtractor shall 
connect an 8-in. angle automatic stop and check valve with 7-in. outlet. 
From these valves Contractor shall provide 7-in. boilei’ leads connecting 
to the steam mains wuth gate*, valve at the mains, all arranged as indicated 
on Drawings, Nos. — and — . | 

Connections to Turbines. — Contractor shall provide a cast-steel niani- 
fold at rear of ea(di t)f the t wo l)oilers on each unit on both sides of biiler 
room and connect to these manifolds th(‘ two 7-in. leads from the tpur 
boilers on each unit. From manifold at j*ear of boilcis on north side\of 
boiler room on each unit a 14-in. connection shall be run across the base- 
ment of firing room and connected together with J4-in. lead from manifold 
at rear of boilers on south side of boiler room of each unit into a 17-in. 
pipe, which shall be connected to th(‘ turbines. A l4-in. hydraulically 
operated valve shall b(i ])rovided on each M-in. line where they connect 
together into the 17-in. turbine lead; a gate valve shall be j)rovided on 
turbine lead. 

Connections shall b(i providc^d complete wn'th (^ast-steel manifolds, 
valves, drip pockets, pipe lengths and bends, all of slz('s and arranged 
as indicated on Drawings, Nos. -- and — . 

Steam Loops. — C^ontra(;tor shall provide the 12-in. steam loops be- 
tween the steam leads to turbines c-ompkd-e wnth ])ii)e bends and a hydiaulic- 
ally operated gate valve on each end of loop. Hydraulically operated 
gate valves shall also be provided for connecting the future loop, all as 
indicated on Drawings, Nos. — and — . 

Steam to Auxiliaries. — This CUmtractor shall install a 4-in. auxiliary 
steam header along division wall betwT.en turbine and boiler rooms, with 
connections to manifolds at rear of boilers on south side of boiler room 
with gate valve at each manifold, all arranged as indicated on Drawings, 
Nos. — and — . From the auxiliary header connections shall b(‘ made 
to one service pump in condenser well, three f(*ed pumps in boiler room, 
exciter in turbine room, two auxiliary oil pumirs on turlnnes and twT) tem- 
pering coils on air w^ashers, as showm on Drawings. The steam connection 
to each of the pumps must be provided with angle or globe throttle valve 
at pump. A gate valve must be provided on each connection near header, 
as indicated on Drawings. Each of the three (3) turbine-driven feed 
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pumps will be provided with a 3-in. pressure p;overiior by Pump Cont ractor, 
which this (V^ntractor shall install in the steam lin(‘. The steam-driven 
service pump shall b(' iwovided with a 2-in. pressure ^(ivernor by Purni) 
Contractor, which this Contractoi- shall install, providing a, by-pass with 
three valves around same, one of which is to lu' the throttle valve, the 
other two p;ate valves. This Contractor shall also provide a 3-in. steam 
connection to thc^ excitc'r, a £!;lobe valve at th(‘ turbiia', and a gate valve 
at header. 

On the steam comuaMions to the oil pumps and air washers this (\)n- 
tracdor must inovide a I -in. extra heavy [)r(\ssure-r('ducinf 2 ; valve with 
by-pass around sanu' for each unit, d'hese shall reduce from 250 lb. to 
100 lb., and a second reducing’ valve shall be provided on connections to 
air washers reducinji; from 100 11). to 10 lb. 

Stcaw frovi Turhtncs fo /Icafcrs, — The (’ontractor shall furnish and 
install the 5-in. steam connections from outlet on int(‘rmediat(‘ staj^c^ of 
each turbine to the auxiliary exhaust line connectinf»; t,o fcaalwatei* heaters 
with aiitomiitic sto]) and check valve, ref^ulatin^ valve op(‘rated by ther- 
mostat in feedwat(‘i healer, set so as to heat watf'r to about 120 tleg. 
fahr., pressure-reducing valve and gate valve at lu^ader, as shown on 
Drawings. Th(^ exhaust from steam-drivcm auxiliaries will go to the 
heaters, and it is the intention to lake necessary additional steam from 
second stage of turbines to heat the feedwater to lecpiirtal temperature. 

Steam C()nn(‘clionf< to Soot Kjccto^'s. - ( 'ontra(*tor .shall ])rovide a 1 J-in. 

steam header lengthwise on each side of boiler room, with connections to 
cast-stecl manifolds in main steam connections with gate valve at north 
side of boiler room and to auxiliary st(‘.am header with valve on south side 
of boiler room. From these lo-in. headeis a. 1-in. conneetion with globe 
valve having extend(;d stem shall be run to the ej(‘ctors in basement, for 
each of the two divisions of each of the (‘ight economizers, all arranged as 
indicated on Drawings, Nos. - , — and 

Stexim. Ejectors on Condenser Discharge Pipes. — (k)ntractor shall pro- 
vide a 4-in. ejector on to]) ol each of the two (2) 54-in, condenser discharge 
pipes. These shall b(' of Schutte & Koerting or other make that Engineers 
may approve. To each of thes(^ ejectors Contractor shall provide a 1-in. 
steam connection with valves on both ejids of line.; also iiin a 4-in. dis- 
charge connection to G-in. bilge puni]) discharge line with gate and check 
valve on each line. 

Supports for Live Steam Piping. — The main sTipporting beams upon 
which the manifolds and fittings arc supported will be provided by con- 
tractor for building steel, but this Contractor shall furnish the steel brackets 
framing to the main members above mentioned; also all roller and anchor 
bearings, complete with btise castings, rollers, straps, springs, etc., all as 
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indicated and detailed on Drawings. He shall provide the steel frames 
for supporting th(^ 14-in. steam load across the boiler room basement. 
He shall also provide the bearings for supporting the jiipes on those suf)- 
ports. This ( 'oiiti actor shall also ])i ovide the main anchor bearings for 
the J7-in. steam loads to turbines; also tlic roller })earings and brackets 
for the i7-in. steam load to Unit No. 2. 

The steel brackets for su])porting the auxiliary steam header shall be 
provided by Uontracdor for Building Steel, but this Contractor shall pro- 
vide the roller and anchor biiarings on these brackets, all as indicated on 
the Drawings. 

CVjiitractor shall also provide such additional hangers, braces and 
supports for the steam ])iping as may be necessary to pro]xuly support 
the steam piping, and ke(‘p same free from vibiation. These mufk in 
all cases be of steel or iron, and made subject to the approval of\the 
Plngineers. i 

Steam Drips and J)7'(nns. — The main steam headers shall be drained 
to the 10-in. drip pockets in boiler room basement. This (V)ntractbr 
shall provide and install a l i-in. steam trap for each unit for draining 
the drip pocket and must- coiVnect up same with a Tj-in. pipe. The dis- 
charge from the trap shall be connected to the h^edwatei* heater. (Jon- 
noctions at trap shall b(' arjanged with by-])ass with thn^e valves, so 
trap can be cut out of servi(‘e. 

Each of the 7-in. gate valves on steam leads from 1)oilers shall have 
a boss tapped for ^-in. (bain above seat, which this Contractor shall 
connect into a 1 j-in. line for each unit and connect same with stop and 
check valve to th(' feedwater heatcT, also to the clear water reservoir; 
l|-in. lines to be cross-connected with valves. Contractor shall provide 
a boss tapped for :}-in. dra-in on tlu^ 12-in. hydraulically operated gate 
valves on steam loop, also on the two L4-iu. valves on lead from manifolds 
at rear of boilers for each unit, and connect same with a 1 J-in. pipe to their 
respetd-ive steam ti'aps, providing by-pass with valves as indicated dia- 
grammatically on drawings. The 12-in. gate valve for future' steam loop 
shall also have boss tapped for J-in. drain and connected to the IJ-in. 
drain line. A globe valve shall V^e provided on each drain connection. 
Contractor shall also tap the blind flange on ivc in steam connection to 
condenser well and provide a |-in. di'ain connection with trap and discharge 
connection to the feedwater heater. A by-pass (‘.onneeition with three 
valves shall be provided at trap. A J-in. drain shall also be provided 
from lowest point of steam connection in condenser well to drain 
sump. 

Contractor shall run a |-in. drain with valve from the steam casing of 
the three auxiliary turbines driving the boiler-feed pumps and the turbine 
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driving the exciter and connect, tlioin into a 1-in. line and mn to the hot- 
water reservoir. Di-ain from casing of service punii) turbine to be run to 
drain sump in condenser well with a valve at turbine. 

Contractor shall also ])rovide such other drip and drain connections 
as may be necessary to i)r()p(a'ly drain the entire system of steam con- 
nections, these to be comuM'ted as may be directed by the Engineers. 


Blow -ori' ( 'oxnec’Tions 

Boiler Blow-off Conncclfoiis. — Kiieh of the eight boilers wall be pro- 
vided with six (()) 2i-in. blow-olT tit tings on mud drums, which this Con- 
tractor shall conneert u]i to a s])ecial tilling on each side of eacli boiler 
and from wdiich 2j-in. coniu'ctions sliall be macU^ to the blow^-otT header 
under ea(‘h row of boileis. tjght (S) 2l-in. blow -off valv('s shall be pro- 
vided on the blowM)tT coniu'clion from (‘ach of the eiglit boilers, all arranged 
as indicated on Drawings. 

Contractor shall also jwovidc* the 4-in. l)low’-otT hea<ler undei* each row 
of boilers and run 4-in. connections from same to th(‘ steel blow-off tank 
in boiler-room basement., ddiis tank shall be fnrnisht'd and installed by 
the (k)ntractor. Th(‘ Contractor shall also i)rovide the overflow and 
drain connections to discdiarge well and v(‘nt (‘ojiiuadions to atmosphere, 
all of sizes and arranged as in(licat.(‘d on the Drawings. 

Superheater Blow-off (\)HN('clfons. - ■ This (\)ntractor shall furnish and 
install the superlu'ater blow'-olf conni'ctions from ea(‘h of th(' eight boilers 
to the blow-off Invader in basement, as indicaterl on Drawings. Each 
boiler will Ik*. provid(‘d with two (2) 2-iii. elbows and two (2) 2-in. valves, 
one on caeb end of each drum and two elbows and two valves on super- 
heater, which tliis Contractor must coniu'ct to the headers. Six (b) 2-in. 
valves must be provided for these' connections on each boiler, all arranged 
as indicated on Drawings. 

Blow-off from Economizers. — VAivh of the eight (8) (M^ononiizers will 
be provided with eight (S) 2?j-in. blow-off outhds, j)rovid(al with angle 
valves. This Contractor sliall connect thes(^ together to a 4-in. header, 
providing a 2^-in. valvc' on each of the two divisions on each of the eight 
economizers. Hea.d('rs shall be run along just below economizer floor, 
and 4-in. connection shall be run to hot-w^ater resiuvoir and 4-in. to dis- 
charge line from blow-off tank. A globe valve with extended stem shall 
be provided on each ol these* connc'ctions, A (dieih valve shall also be pro- 
vided w^herc coniu'ctiojj is made t,o discharge from blow^-off tank. The 
tee on the economizer side? of t hese globe valves shall be tapped for j-in. 
pipe and the connection run to a pet cock above l)oiler-room floor, which 
shall drain into a funnel connected to discharge well. 
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Exhaust Connections 

Exhaust Connections jrom Turbines. — This C’ontractor shall furnish 
and install the 42-in. free air exhaust connections from each of the two 
(2) turbines, as indicated on Drawing No. — , made up of cast-iron pipe 
and fittings and riveted steel j)ipe with forf 2 :cd stc^el riveted flanges, as made 
by the American Spiral Piy)e Works. The steel i)ipe shall be (‘lose riveted 
and thoroughly calked so as to be air and wjiter tight. Copper expansion 
j(jint shall be jirovided l)etween main turbine exhaust^ and relief valve on 
each unit. The vertical risers shall be of J-in. j)late and shall terminate 
al)ove roof, with hoods over same, as per detail on Drawings. Horizontal 
pipe between relief valve and base elbow shall be of I'V.-in. steel ijlate. 
There is to be no longitudinal seam on bottom of this pipe. The exhaust 
relief valves in these lines shall be as hereinafter spec'ified under Mati^rial 
and Workmanship.” \ 

Exhaust Con/neciions from Auxiliaries. — This CV)ntractor shall connlpct 
up the exhaust outlet on the tliiue (3) turbine-driven feed pumps, auxiliary 
oil pumps, sei’vice pump and excit('r together, and make (connection to 
each of the two feedwater heatiTs, with gate valve at each laimp, each 
heater and sec.tionalizing valve betwwn heatcTs, all of sizes and arranged 
as indicated on Drawings. A 10-in. liser to almosphere with (combina- 
tion back pi’essure and relief valve near heater and exhaust head 

above roof shall be jirovided on connections to ('ach of the two heaters. 
Exhaust heads shall be of No. 10 galvanized iion and of most improved 
type. Each heater will also be jirovided with a 4-in. relief outlet, which 
this Contractor shall connect up with a back pressure valve to the 10-in. 
relief pipe to atmosplKcre on each unit, all arranged as indicattnl on Draw- 
ings. 

Heating Systejn for Switch HoiisCj Operating Eoom and Offices. — 
Contractor shall furnish and install for heating switch house, operating 
room, and offi(ces, a (complete two-pipe hccating system, with overhead 
supply syst(Mn and drain in basement. The swit(‘li house lacating system 
shall have a total direct radiation of approximately J.012 s(p ft., divided 
into 17 radiators. The ojierating room, offices, bedrooms, stair hall, etc., 
at end of turbiiK' room shall have a total i-adiation of approximately 
3188 S(p ft., divided into 55 radiators, all of sizes and arranged as may 
be directed by the Engineers. A layout drawing shewing size of radiators 
and sizes of branch c()nne(cti()ns will be provided later. All radiators to 

be “ twT)-column radiators, or other 

make that the Engineers may approve. All radiators to have top steam 
connections. 

Steam for this system shall be taken from the auxiliary exhaust header 
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in boiler room, with a (i-in. connection running up the stair hall to the 
bus chamber under switch house, with gate valve and 3-in. safety valve 
set at 5 lb. pjcssure in boiler room. A low-pressure headei* shall l>c run 
across the l)us t'hamln'r and up to the overhead header in switch house, 
which shall be run along the south wall and connected to the radiators 
in switch house. An overh('ad line* shall also he run aioiind three sides 
of the office space ()\er switclihoard looin with dro]) connections to the 
radiators on the difierent floois. Drains from llu' radiators shall all be 
brought togeth(‘r and connected to a direct-connected, geared, motor- 
driven vacuum inuii)) as made by the Ameih^an Steam Pump C'o. and of 
ample capacity for th(‘ service and to maintain a vacuum of 5 in. at the 
outlet of radiators. Motor to b(‘ similar t,o (hose hei‘eafter specified and 
must be complete with starting (Miuipment. switches, fuses, etc. All wiring 
between motor and equii)nient to be provided. 

Discharge from iiumji shall 1)(‘ connectcal to the feedwabu' heater by 
means of a float-controlled veni, as ma.d(‘ by Company. 

A 2 -bi- siphon trap shall l)e iirovided on outlet- of ea(‘,h radiator, as 

made by , and a standard jadiator valv(i i)iovided on inlet of 

each radiator. All [)iping to Ih‘ rigidly suspended in ajiproved manner. 

Safety Valve Vrni 7^/y>c. — This Contractor shall furnish and install 
the safety valve vtaii- pipes on each of the eight (8) boilers, as shown 

on Drawings, Nos. . The Discharge oiienings of tlu' six (0) ta-in. 

safety valves on drum of each lioiler shall b(' connectcMl together as in- 
dicated, and a i2-in. liser run through roof and terminating in a 12-in. 
tee. He shall also furnish and install llu' safety valve vent i)ii)es from the 
discharge openings on (^ach of the two (2) 4-in. superheater safety valves 
on each of the eight (8) boilcTs. The outlets of t-wo valv('s shall be com- 
bined into a ()-in. ])ii)e and run through roof terminating in a (i-in. tec. 
A - 2 -in. drain pipe shall be provided on elbows at each safety valve, con- 
necting into a J-in. pijie from each boilei, which shall be run to ash])it. 

Exhaust Drips. — This Contractor shall install a 2J-in. drip pipe 
from the 42-in. free exhaust from each turbine, i)roviding a deep U-trap 
and discharging iiijo hot-water reservoir under boiU^r room basement 
floor. 

The Turbine Contractor will connect up the drains from the carbon 
packing rings into a 3-in. j)ii)c on ea(4i of the two (2) turbines. This 
Contractor shall connect each of these pipes to the hot-water reservoir. 
Gate valves on vertical (connections from auxiliari(‘s shall be tapped 
above stoats for l-in. bleed(irs, whi(4i shall be (;onne(;ted together into 
a 1-in. line and run to hot-water reservoir. Drain from gate valve on 
service pump shall be run to drain sump in condense^' well. 

Support for Exhaust Piping. — Relief valves on turbine exhaust lines 
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shall be provided with bases, which will be supported from floor under 
valves, and the vertical risers will be carried on the base elbows, but 
this Contractor shall provide and set angle iron brac!cs for vertical risers, 
as per detail. 

This Contractor shall provide all necessary anchors, hangers, and 
brac(;s for properly supporting the auxiliary exhaust lines, as may be 
required by the Engineers. 


Water Piping 

Circulating Water Conncctiom. — Purchaser shall provide and install the 
suction connection from intake crii) t(3 the suction inlet on each of thp two 
circulating pumps. \ 

Condenser Contractor shall provide the dis(;harge comKictioii from emeu- 
lating pumji to condcaiser on each unit. \ 

Purchaser shall furnish and install the condenser discharge juping out- 
side of condenser w(dl, including gate valves, (dl)ows, and vertical pipe 
length in discharge well, Init this Ck)ntractoi“ shall provide the special 
fitting, pipe lengths, and ('xi)ansion joints on condenser discharge con- 
nections inside of condenser well. One of the pij)e lengths on discharge 
connection from ITnit No. 1 in the coiukaiser well will be ])rovided on 
ground by Purcdiaser, but this Contractor shall install same, providing 
gaskets and bolts for making uj) joints, all arranged and of sizes as indi- 
cated on Drawing . Contractor shall also ])rovide the O-in. tail pipes 

from 54-in. gate valves in discharge well. 

Jlotwell Pump Connections. — ( 'ontra(;tor shall connect up the two 
hoTwell puni]) discharge outlets on each unit to the ink^t on primary 
heater in upper section of condenser, providing check and gate valve 
at each pump. From outlet of primary heater, connection shall be 
run to inlet on top of heater of cacih unit. 4"he prhnary heater is also 
to be by-passed with necessary valves, all of sizes and arranged as indicated 
on drawings. Nos. . Connections to heaters shall be cross con- 
nected with valves as indicated on Drawings. • 

Feed-Pump Suction Connections. — (imtractor shall furnish and install 
the suction (onnections to the two (2) feed pumps on each unit with con- 
nections from heater, filtered water hcvider and uJifiltered water system 
with valve on each connection, all of sizes and arranged as indicated on 

Drawings, Nos. . Suction connections from heaters shall be 

cross connected with valve as indicated. 

Boiler-Feed Piping. — This Contractor shall furnish and install dis- 
charge connections from the feed pumps to the feed headers and from 
feed headers to economizers and boilers, all arranged as shown on Draw- 
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ings. There are to bo two Ksoparate fcodwatei* .sysieins for each unit with 
independent connectionH iroin pumps to boilers, as shown. The auxiliary 
feed header is to be run in th(‘ boiler room at rear end between boilers 
and in basement across firing room to ])()iler on north side of room, with 
connections from same to boilers. The jiiain F('('d(a* header shall be sus- 
pended from the economizer floor framing over boilers with (*onne(‘tions 
to each of the eight (8) economizers and from economizers i,o the boilers. 
Connections between tbe economizer divisions will Ix' ]U()vidt‘d by Kcono- 
mizer (Contractor. 

Each boiler will have two (2) Teed inlet connections aJid Hoiler (Con- 
tractor will provide a l-in. automatic stop and check valve on each of 
these outlets, to which this Contractor shall connecd.. 

Each economizer will l)e provid(‘d with a 4-in. inlet at bottom and a 
4-in. outlet at toj^, which this Cont?-a(d,oi' shall (‘onnect up. 

From the 7-in. auxiliary tcxal lieaders, this ( 'ontractor shall run a 4-in. 
connection up the front of boilei>, with a 4-ii\. (“onnection to the inlet 
at each end of drum, })roviding a gate valve at header cf)imeclion and a 
globe and check valve in horizontal run at front of boilei’. 

From 7-in. main feed lu^aders, Contractor shall make a 4-in. connection 
to each economizer wa'th two gate valves on eacli connection. Pie shall 
also make a 4-in. connection from outlet of each (H‘ononiizer to the feed 
line connecting to each of the boilers, ])roviding a gabi and check valve 
at economizer outlet and an angle globe valvc' with (Extended stem all 
arranged as indicated on Drawings. 

Contractor shall provide two air chamb(n-s on ea(*,h of the two main 
feed headers, ajid one air chamber on each of the tw(^ auxiliary headers, 
with gate valv(i on headers and with (X)ui])ressed air connections with 
extra-heavy stop and check valves. 

Contractor shall pi'ovide a (i-in. cross conru'ction betweeti the two 
(2) 7-in. main feed lines and auxiliary feed lines, with gate valve on each 
connection, as indicated, (kmnections at puiiiiis shall be arranged with 
special two-way check valves and gate valvc^ all of sizes and arranged 
as indicated on Diwings. 

Water Connectioi\^ to Hydrauiicalhj Ojx’rated Valves. — 'This (k)ntractor 
shall provide and connect up a four-way cock for t he hydraulically oper- 
ated valve on the steam lead to turbine; the two 14-in. valves on steam 
lead from boilers; the i2-in. valve on steam loof) on each unit and the 12-in. 
valve for future steam loop. The 4 f(jur-way cocks on eac^h unit are to 
be located in a box set in the division wall between boiler and turbine 
rooms, all as indicated on Drawings. Boxes shall also be provided by 
this Contractor. Water su])ply for the four-way cocks is to be taken 
from both the feed headers, with gate and check valves arranged as in- 
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dicated on Drawing. Drain connections with troughs and drain pipes 
connected to hot-water well are to be provided as indicated. 

The following items included in the complete specifications have been 
omitted : 

High-pressure Boiler-Washing System. 

Service Water Pii)ing. 

Make-up Water (connections. 

Water Drains. 

Miscellaneous Drains and Vents. 

Oil O^nnectioji to I'urbiiies. 

Pipe and Fittings for Oiling Systems. 

Compressed-air System. 

Air Washer (Circulating Pump Suction. 

Floor and Wall Thimbles. 

Hose. 

Thermometers and Gages. 

Material and Workmanship 

General I n struct — All material and workiminship supplied under 
these Specifications shall be the best of llu'ii’ ri'spectivi^ kinds. 

All material shall lie such as sp(H‘ified heroin and free from defects 
or flaws of any kind, and subjeid- to such tests and reipiireraents as may 
be herein des(;ribed or as may ho ne(‘essary to prove th(‘ effectiveness of 
the material or workmanship. All labor is to be jKnformcd by men 
skilled in their particular line of woik, and to the full satisfaction of the 
Supervising p]ngine(irs or their ri'presentativi's. The Specifications con- 
template the very best (piality of material and the most mechanical 
character of workmanship. 

All of the work shall be erected, ready for practical use, to the satis- 
faction of the Engineers, and all bolts, gaskets, and necessary adjuncts 
shall be furnished by this C -on tractor. 

This Contrac^tor shall satisfy himself as to thii ac(air?.cy of the Drawings, 
and must take such measurements and allow foi‘ such make-up lengths or 
pieces as may be neiiessary to make his work come accurately together. 
The piping must be erected so as to preserve accurate alignment and no 
iron gaskets or fillers will be allowed between flanges. 

Where the work of this (Contractor connects to that of another, the 
connections shall be made by this Contractor, and he must see that all 
flanges for connection to the other work are properly drilled to fit the 
latter, irrespective of drilling dimensions on the Drawings or herein 
given. 
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The work contemplated heroin shall be carried on so as to harmonize 
and not interfere with the work of other contractors or with the oi)eration 
of the Station or any of the machinery that may be (‘ontained therein. 
Where connections are made' to the', old work, th(\v shall be done at. such 
time as shall nunt. tlic' a])proval of the Chief t]nj!;ineer of the Station. 
The work shall be installc'd as (‘xiieditiously as i)()ssil)le and subject to 
the general direction of the aulhorizcHl Paiginecrs. 

The following items pertaining to material and (‘onstruction details are 
included in the coin])lete si)ecifications but have bc'cm omitted irom this 
copy. 


Steel Pipe. 

Wedded Flanges. 

Threaded Idanges nnd Pnions. 
Fittings. 

Valvcis. 

Hydraulically ()i)eraUMl \'alves. 
Relief Valves. 

Special Valve's and Api)liances. 


Tra))s. 

Flanged Joints. 
Cast-iron Pii)e. 
Su})porls and Hangers, 
testing. 

Pipe (V)vtn’ing. 
Painting. 


Co'fidau^CT Sped oud jar iJclroil Miituctpul PlattL. lowci, Hct. 11, 
p. 934. 

Ftifl Spccificdlions' Pcporl- of Prnii(‘ ^Movers ( oimiiiftcH', A.l'j.L.A., .June, 1924. 
SpcdficatiouH, lioiMat of Prime Movers (\)ininit1ee, N.E.L.A., I'Vl)., 1920. 



CHAPTER XXI — Supplementary 


PROPERTIES OF SATURATED AND SUPERHEATED STEAM 

375. General. — The thermal and physical propcatu'.s of water vapor, 

though based on expca’iinejital data, i)erniit of ac.tairate iiiatheuyitical 
formulation, but the ecpiations involved are too c-om])lex and un^jvieldy 
for everyday use. Tables and gi-aphical charts calculated and p\f)tted 
from these laws offer a. simple and accurate means of solving practically 
all steam problems, and r(H*,ourse to thermodynamic, analysis is seldom 
necsessary. \ 

Several tables and giaj)hical charts of tlu^ piopca ties of saturated and 
superheated steam have been published, and though the values given by 
the various authorities differ somewhat from (‘acli other the variation is 
negligible for most engineei’ing ]mr])oses, at least for pressures under 
250 lb. abs. The steam tables of Peabody,^ Marks and Davis,- and of 
Goodenough^ are most commonly used in AnuTican engineering practice. 
These tables give the simultaneous physical and thermal properties of 
saturated and su])eiheated steam for various pressures and temperatures. 
All three tables are ])racti(^ally identical in arrangement as far as saturated 
steam is coiicerncMl but differ somewhat in th(' treatment of superheated 
steam. At this writing (1920) the Bureau of Standards, IVTass. Inst, of 
Technology, and Harvard I University are engag(id in resc^arch work with a 
view of perfecting and extending »steam tables, a progress report of which 
may be found in Mech. Engrg., Jan., 1920, p. 144. 

376. Notations. — It is to b(? regretted that there is no accepted stand- 
ard set of symbols for designating the var ious properties of steam. The 
use of different notations for the same property, as* in the tables under 
consideration, leads to much confusion. In the following discussion an 
attempt has been made to follow grmeral practice rather than that of any 
particular author. 

377. Standard Units. — The mean B.t.u., or , Jo of the heat required to 
raise one pound of water from 32 deg. to 212 deg. fahr\, is the accepted 
standard heat unit in all recent works on thermodynamics. 

^ Steam and Entropy Tables, Peabod 3 ^ John Wiley it Sons, 1909. 

^ Steam Tables and Diiigram.s, Marks & Davis, Longmans, Green & Co., 1912. 

® Properties of Steam and Ammonia, Goodenough, John Wiley & Sons, 1915- 
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The mechanical e(|\iival(Mit nf heat J may be iakt'ii for all ciig^inecring 
purposes as 

1 mean H.t.u. = 778 staiulani ft. -lb. 

(Gooclenoiigh, J = 777.()4; Marks & Davis, ./ = 777 M.) 

The reciprocal of .7 or is generally ck'signated by the lettei’ A. 

The value of the absolute' zero lias Ix'en variously give'ii as ranging 
from 459.2 to 400.00 (k'g. fahr. below zei’o. The' most, ge'iieially accc'ptecl 
value is 459.0. For all (‘iigineering purjiose's, l!i(' value 100 (h'grees is 
sufficiently accurate'. Temperatures re'leried to zero deg. fahr. are gener- 
ally designated by t and absolute temi^erature by T. 

The normal pre'ssine of the atnios])h('re, or one staiielard atmosphere, 
is taken as 29.921 in. of mercury at 82 deg. fahi ., or 1 t.(i908 lb. per scj. in. 
For most purposes these value's may be take'ii as 80 in. of mc'rcury at 
ordinary room temperature and 11.7 lb. per s(|. in., le'siuM'tively. Steam 
pressure should always be stated in absolute' terms and not. “ gage^ ” since 
the atmospheric pressure varie's within wide, limits. Notations /> and P 
are commonly used to designate ])r('ssure, but lu'cause of tlu* various 
methods of measuring this pro])erty the'y should be (lualified t.o this efhjct. 
In the folkming discussh^r) p re'jire'se'iits ])ouiids per sepiarc' inch absolute 
and P pounds per sepiare foot absolute. 

378. Quality. — This t(‘rm apjilies strictly to the per cent of vaiior in 
a mixture of vajior and water or wd steam, and is usually designat,ed 
by X] thus a quality of 0.95 sigiiilies that 95 jKa' c(uit of the total weight 
of the mixture is vai)or. For saturated stc^am x = 1. Tlu' quality of 
superheated steam is designated by tlu' t('jn])eiatm(^ of t.lu^ vapor or the 
degrees of superheat. The latter term rehns to tlu^ diffta-ence between 
the actual temperature and that (4 saturat'd vai)or of tlu^ sauK' |)ressui‘e. 

379. Temperature-Pressure Relation. Saturated Steam. — AW proper- 
ties of saturated steam depeiul on Uanperature oJily. Foi* any tempera- 
ture there is a corresponding pressure, the relationship bc'ing determined 
from formulas based upon exp(‘rimental datii. A large* number of formulas 
have been proposeei to re'present this relationshi]), but the more exact 
equations are too cumbeisome for everyday use. In Maiks and Davis^ 
steam tables the i)ressure-t.emperature relationshi]) is based upon the 
following law: 

log p = 10.51535-4873.71 ^-'-0.00405090 f +0.00000139290 (300) 

Wet Steam. — The relation betwecin pressure and temperature is the 
same for wet steam as for saturated, since the quality does not affect 
the temperature. 

Superheated Steam. — The temperature of superheated steam is not de- 
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pendent solely upon tlie pressure and some additional property is necessary 
to fix the ndatioiishij). 

380. Specific Volume. Suluraird Sicatn. — The specific volume s of 
saturat'd st(*ain, or the number of cubic feet occupied by one pound, 
varies wiili the pressure and is e(iual to the sum of the original volume 
of OIK' pound of water tr, iuul u the increase in volume during vaporiza- 


tion, thus: 

x = u + (7. (307) 

(ioodcMiough’s modification of Linde’s expiation is 

u = O-Wtif) - (1 + 0.0513 ]>') i(308) 

log tn = 10.825. 

Wet Steam. — The specific voluane v of wet steam may Ije calculated 
as follows: \ 

V = j.s + (1 — j) 0 - (309) 

= XU "f" <7. (310) 


.s is given in all saturated steam tables, cr varies from 0.0161 cu. ft. 
per 11). at a pix'ssure of 1 lb. per s(p in., absolute, to 0.02 cu. ft. at 300 lb. 
a is so small compared with .s that it may be negka'ted for most purposes 
and the specific; volume be(;omcs v = x.s‘. v may be taken directly from 
the volume-entropy chart . 

Superheated Steam. — TIk' specific volume of suixuheated steam v' is 
given in all sujKnheatxMl tables. The values in (Joodenough’s tables 
were calculated fi’om (*(juation (308) by substituting a = v' — a. 

Wm. J. (loudie (Engmeering, July 1, 1901) gives the following simple 
rule for determining the si) 0 (;ific volume which gives satisfactory results 
for moderates degreevs of superheat. 

= ,s (1 + 0.0010/'), (311) 


in which 

.s = specific volume of saturated steam, cu. ft. per lb., 

/' = degree of sui)erheat . 

Tumlirz’s formula is a simple and fairly accurate abridgment of equation 
(308) for moderate degiees of superheat but at higher temperatures gives 
results that are too low. 

v' = 0.5962-^^ - 0.256. 


P 


(312) 
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381. Heat of the Liquid. — 'The heat of the li(iuicl (7, B.t.u. per lb. 
above 32 deg fahr., is the amount added to water at 32 deg. fahr. iu 
order to bring it to the tenijxnaiure of vaporization, thus: 





(313) 


in which c = specific heat at eonstaiit pressure. 

c varies with the tonperalure, but tlie ndationshi]) does not i^mnit 
of simple foriiuilatioii. If Vtn mean sixicilie heat for the tern jK*rat, lire 
range, 

q = im {i - 32). (314) 


For many purposes it is suffick‘nlly a(*curate to a.ssume Cm = 1, then 
q = t — 32. The relationshii) l>etwecu t, c, and c’„, is shown in Fig. 685 
for a wide range in teiuDcraturcs. 



Fio. 085. Specific Thants of WuIit. 


The heat of the li(piid is manifestly constant foi* a given temperature 
whatever may be the condition of the steam. 

383. Latent Heat of Vaporization. — Tlie latxiiit heat of vaporization r, 
B.t.u. per lb., is the ajuount of heat reepuTed to change the fluid from 
a liquid to vapor at the same temperature. The lat-(‘nt heat has been 
accurately determined by direct ex])eriment from 32 deg. to 3r)() deg. 
fahr. and numerous formulas have been based u])on the exy)eriments for 
calculating this quantity, (loodenough's values are calculai^d from the 
Clapeyron relation: 


r=A(s-.)T%- 


(315) 



940 


STEAM POWER PLANT ENGINEERING 


A simple formula which gives accurate results from 32 deg. to 400 deg. 
fahr. is 

r = 970.4 - 0.655 {t - 212)* - 0.00045 {t - 212)2. (316) 

At higher temperatures Hennings' exponential formula as modified by 
Dr. Davis is perhaps more accurate than equation (316), 

r = 139 (689 - (317) 

The latent heat decreases with the increase in temperature until a 
temperature of approximately 706 deg. fahr. (corresponding pressure 
3200 11). per s(p in.) is reached, when its value becomes 0. This is called 
the critical temperature. 

Values of r are given in all saturated steam tables. 1 

Special interest attaches to the values of r at 212 deg. fahr. because 
of its (common use in engine and boiler tests. The following values have 
been assigned to this quantity. \ 

Itegiiault 900 0 Marks and Davis 970.4 

Peabody 909 7 Siiiith 972 0 

Heck 971.2 Goodenough 971.0 

External Latent Heat. — During the heating of the liquid the change 
in volume is very small and may be neglected; hence the external work 
done is negligible and also practically all of the heat goes to increase 
the energy of the liquid. During vaporization, however, the volume 
changes from a to .s*. Since the pr(\ssure remains constant, the external 
work that must be done to provide for increase in volume is 

P (« - a) = Pu (318) 

and the corresponding heat or external latent heat is 

AP (.s - (t) = APu. (319) 

Internal Latent Heat. — The heat r added during vaporization is 
used in increasing the energy and is doing external work. Hence the 
difference, or internal latent heat p, B.t.u. per lb. above 32 deg. fahr., 

p = r - APn, (320) 

is the heat required to do disgregation work. 

383 . Total Heat or Heat Content.' — The total Keat of saturated steam 
X, B.t.u. per lb. above 32 deg. fahr., is evidently the sum of the heat of 

' The heat content or initial thermal potential is greater than the total heat by 
the heat equivalent of the work of pumping the liquid into the boiler, APa-. This 
quantity is negligible for most practical purposes. Modern steam tables give heat 
content rather than total heat. 
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the liquid and the heat of vaporization, or 

\ = r + q (321) 

= p + APu + q. (322) 

The heat content of saturated steam may be calculated by means of 
the Davis formula: 

X = 1()4().187 + 0.()077 i - 0.00053 i\ (323) 

The quantity (p + q) p,ives the increase in energy of the saturated 

vapor over that of the li(|uid at 32 dep;. fahr. and is called tlu' inlrtnaic 
energy. 

Wet Steam. — If vaporization is not comi)lete the heat content 11 wt 
B.t.u. per lb. above 32 dep;. fahr., may be expressed: 

11 w = + q (^^'^) 

= xp + A Pxu + q- (325) 

Superheated Steam , — 11 h(*at is added at constant i)ressure after 
vaporization is completed, the vapor will be suj)erheated, ajid th(' heat 
content Hs is 

II s = r + q + Cmi' (320) 

= X + Cmt'j (327) 


in which 

Cm = mean specific heat of the siipei'lK'ated vapor at constant pressure, 
t' = degree of superheat = /.sup ” • 


Goodenough gives the following formula for calculating the heat con- 
tent of superheated steam, a-bsolute t(Mni)eratiire of steam 1% deg. 
fahr. 


H, = 0.320 Ts + 0.000003 T;- - 

+ 0.00533 p + {)48.7, 
log Ca = 10.791 r). 


(\p (1 + 0.0342 p‘) 


(328) 


384. Specific Heat of Steam. Saturated Steam. — If the lunonnt of heat 
required to rai.se the tcinperature of saturated .steam one degree and 
still maintain a saturated condition is (lonstjued as the specific heat 
of saturated steam, then the. (juantil.y is negative, sincis heat must be 
abstracted to effect this result. 

C„t = 0.35 - 0.00066G (« - 212) - ^ • 


( 329 ) 
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Superfieated Steam. — The Irw or instantaneous specific heat C' of 
superheated steam at constant i)ressure is the amount required to in- 
crease the temperature of one pound one degree fahr. Goodenough’s 
equation })as(!d on the experiment of Knoblauch and Jakob is 


C' 


0.320 -f 0.000126 T, 


23,.')83 Cip (1 -b 0.0342 pi) 


(330) 


log Ca = 11.3936. 

The mean specific heat may be calculated from superheated steam 
tables as follows: 

(issi) 


The mean specific; heat of sii])erheate(l steam at constant pressure\for 
a wide range in press Lires and 1 emperatiiros is given iji Table J35. 'fhe 
values are calculated from Marks and Davis’ Steam Tables. 

385. Entropy, (rcnvral. -No change in a system of bodies that takes 
place of itself can iTu;reaso the available energy of the system. As a 
matter of fa(;t, the actual j)hysical process is accompanied by frictional 
effects and the cpiantity of energy available for transformation into 
work is decreased. This de(‘rease in available energy or increase in 
unavailable energy is given the name increase of entropy. Although 
the solution of all engineering j)rol)lems involving thermodynamic changes 
can be obtained without employing (entropy, still its use simplifies the 
calculation in much the same manner that logarithms facilitate complex 
numerical computations. Increase of entroi)y between the al)Solute 
temperatures To and Ti may be expressed mathcmati(;ally 

Increase of entropy = f ^ , (332) 

Jt2 I 


in whi(;h dQ r(‘j)resents an infinitesimal amount of heat and T the absolui.e 
temperature at which it is added. 

Entropy of the Lujuid. — 1'he increase; in entropy 0 due to heating 
one pound of liquid from 32 deg. fahr. to tenifKiraturo 7’ is 


d 




cdT 
T ’ 


( 333 ) 


in which 


Ti = absolute temperature of the licpiid = + 400, 

q = heat of the liquid above 32 deg. fahr., B.t.u. per lb., 
c = specific heat of water at temperature T. 



TABLE 135 

MEAN SPECIFIC HEAT OF SUPERHEATED STEAM 
(Computed from Marks and Damns' Steam Tables; 
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Since c varies with the temperature according to a rather complex law, 
the integration in ecpiation (333) does not reduce to a simple form. For 
example, (loodenough’s ecpuition for the range 32-212 deg. fahr assumes 
the form 

e = 2.3023 log T + 0.0045775 log (t + 4) - 0.00022609 T 

+ 0.00000012867 - 6.28787. (334) 

If the value of th(‘ mean specific is known for the given temperature 
range, ecpiation (333) ixxluces to the simide form 

e = c„ 1 ok .^ 2 - 


Values of 6 ai'c found in all unabridged steam tables. . 

Entropy of Vaporization. — Since the temperature at which vaponza- 
tion t/ak(\s place is (constant, the cliangc of entropy experienced by l^hc 
fluid during vaporization is 


T T 

If vaporization is incomplete as in case of wet steam, 

xr 

n^ = xn = 


(33G) 


(337) 


Entropy of Superheat. — The entropy (diange during superheating may 
be expressed 

“ T ’ 

Tv = temperature of the vapor. 

If the value of the mean specific heat for the temperature range 
Tv to Ts is known, tlu^ integration of ecpiation (338) reduces to the simple 
form 

ns = C„,\og,^- , (339) 

1 V 

Total Entropy of Saturated Steam. — The increase in entropy from 
liquid at 32 deg. fahr. to saturated vapor at temperature T is 


N = n + e =^ + e. 


(340) 


Total Entropy of Wet Steam, 
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Total Entropy of Superheaied Steam. 

AT = + rij + 0 = -^ + Cm logc ^ + 0. (342) 

Using Knoblauch and Jakob's values for the specific heat of superheated 
steam, Goodenough gives the following rule for calculating the total 
entropy of superheated steam 

117PI f) 

Ns = 0.73G83 log Ts + 0.00012() 7\ - — - - 0.2.135 log p 

_ C\p O + 0.0 3^p_) _ (343) 

^ S 

log Ci = 10.09464. 

Tables 136 and 137 arc abridged from Marks and Uavis’ “ Stcain 
Tables and Diagrams.’' 

386. Molller Diagram. — Steam tables are often accompanied by 
graphical charts that may be used to great advantage in the solution of 
thermodynamic problems. Fig. ()86 gives a skeleton outline of the 
total heat-entropy diagram and Fig. ()87 a reduced copy ol th(.‘ comi)letc 
chart. The first conception of the heat-entropy (*hart is due to Dr. R. 
Mollier of Dresden, hence the name, Mollier Diagram. 



Fig. 686. Mollier Diagram — 8kelct()n Outline. 


Referring to Fig. 686, abscissas represent total (mtropy and ordinates 
represent B.t.u. per lb. Vertical lines then indicate constant entropy 
and horizontal lines constant heat (;ontent. P\P i and P 2 P 2 represent 
lines of constant pressure and XiX[ and X 2 X 2 lines of constant quality. 
Evidently any point in the chart represents a fixed condition of heat 
content, pressure, quality, and entropy as determined by its location with 
respect to the different lines. Thus, point 1 represents a pressure Pi as 
determined by the numerical value of line PiP 1 , quality Xi by its location 
on line XiXu entropy Ni by its projection on the X axis and heat content 
Hi by its projection on the Y axis. 
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TABLE 137. 

PROPERTIES OF SUPERHEATED STEAM. 

Reproduced by Pormiswion from Marks and Davia’ " Steam Tables and Diagrniaait'* 
(Copyright, 1909, by Longmans, Green & Co.) 
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1293.2 

1317 0 

h 



t 

281.0 

331 0 

381.0 

431 0 

481 0 

531 0 

581.0 

t 


50 

V 

8 51 

0.10 

9 84 

10 IS 

11.11 

11,71 

12 36 

V 

50 


h 

1173 0 

llOS 8 

1223 4 

1247 7 

1271 8 

1295.8 

1319 7 

h 




2S7.1 

337.1 1 

387. 1 

437.1 

4S7.1 

537.1 

587.1 

t 


55 

V 

7. 78 

8.40 

9.00 

9 59 

10.10 

10.73 

11 30 

V 

55 


h 

1175.4 

1200 8 

1225.0 

1250 0 

1274 2 

1298 1 

1322.0 

h 



t 

292.7 

342.7 

392 7 

442 7 

492 7 

542 7 

592 7 

t 


60 

V 

7.17 

7.75 

8 30 

8.84 

0 36 

9.89 

10 41 

V 

60 


h 

1177.0 

1202.0 

1227.0 

1252.1 

1270.4 

1300.4 

1324.3 

h 



t 

298.0 

348 0 

398 0 

448.0 

498.0 

548 0 

598 0 

t 


05 

V 

6.65 

7.20 

7.70 

8 20 

8 09 

9.17 

9 65 

V 

65 


h 

1178 5 

1204.4 

1229.5 

1254.0 

1278.4 

1302 4 

^326 4 

h 



1 

302.9 

352 9 

402.9 

452.0 

502.9 

552.9 

602.9 

t 


70 

V 

0.20 

6 71 

7.18 

7.05 

8 11 

8 56 

9 01 

V 

70 


h 

1170 8 

1205.9 

1231 .2 

1255.8 

1280.2 

1301.3 

1328 3 

h 



i 

307 6 

357 0 

407 0 

457-6 

507.0 

557.6 

607.6 

t 


75 

V 

5.81 

0 28 

6 73 

7.17 

7.00 

8.02_ 

8 44 

V 

75 


h 

1181 1 

1207.5 

1232.8 

1257.5 

1282.0 

1306 1 

1330.1 

h 



t 

312 0 

302 0 

412.0 

462.0 

512.0 

562 0 

612 0 

i 


80 

V 

5.47 

5 92 

6.34 

0 75 

7.17 

7.56 

7.95 

V 

SC 


h 

1182.3 

1208.8 

1234.3 

1259 0 

1283 6 

1307.8 

1331 9 

h 



t 

316.3 

360 3 

416 3 

466.3 

516 3 

566.3 

616.3 

t 


85 

\ V 

5.16 

5.59 

5.99 

6.38 

6.76 

7.14 

7.51 

V 

85 


h 

1183 4 

1210.2 

1235.8 

1260.6 

1 

1285.2 

1309.4 

1333 5 

h 

1 



t = Temperature, dog fahr. 

V => Specific volume, in cubic feet, per pound. 

A >» Total heat from water at 32 degrees. B.t.u. 
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137. — Cimiinucd 


PrtssiHurr, 


Satu- 



Dogroe** *>f SuixTheat. 


PreaauTB, 











Absolute. 


Stcatn . 

1 


1 

i 



AbHolute. 




50 1 

100 1 
! 

150 j 

1 

200 1 

1 

2.)0 

300 




i 

320 3 

1 

370 3 ' 

420 3 ! 

1 

470 ;{ 1 

520 3 1 

570 3 

620 3 

/ 


90 

V 

4 SO 

5 20 : 

5 67 1 

6 01 

6 40, 

6 76 1 

7.11 

r 

90 


h 

1184 4 

1211.4 ! 

1237 2 i 

1262 0 

1286 6 ; 

1:110 8 1 

1331 0 

h 



t 

324 1 

374 1 j 

121 1 1 

171 1 

.>24 1 1 

571 1 1 

621 1 

1 


95 

V 

4 65 

os' 

5 30' 

5 71 

6 00| 

6 13! 

() 76 

V 

95 


h 

11S5 4 

1212 6 :i 23S 1 11263 4 

12SS 1 j 

1312 3 

133() 4 

h 



t 

327. S 

377 S 1 

127 8 1 

177. S 

527 8 

577 S 

027 S 

t 


100 

V 

4 43 

\ 70 

5 1 r 

5 47 

5 SO' 

6 12; 

6 4 1 


■100 


h 

ns6 3 

1213. S 1230 7 

1201 7 

1280. 1 1 

1313 6 

1337.8 

h 



t 

331 4 

3S1 -1 1 

431. 1 1 

4S1.4 

531. 1 

581 1 

(>:n 4 

t 


105 

V 

4 23 

4 5S' 

1 \n 

5 23 

5.5 li 

5 85 

(i. 15 

u 

105 


h 

11S7 2 

1214 0 I 

1210 S 

12()5 0 ; 

1200 (> 1 

131 1 0 

1330.1 

k 



i 

334 S 

3S1 S 

13 IS i 

4SI H ! 

534 S 

5S1 S 

o:tl,8 

i 


110 

r 

4 051 

1 3S 

1 70 

5. or 

5 31 

5 61 

5 00 

V 

110 


h 

1188 0 I 

1215 0 ; 

1212 0 . 

12(>7 1 

1201 0 

131() 2 

1340.4 

h 



t 

33S 1 

3SS 1 

43S 1 

4SS 1 

538 1 I 

5SS 1 

6.3S 1 

t 


115 

V 

3 SS 

4 20 

1 51 

1 SI 

5.0! I| 

5 3S 

5.()6 

V 

115 


h 

IIHS H 

1216 0 

1213 1 

126S 2 

1203 0 

1317.3 

1311.5 

h 



t 

341 3 

301 3 i 

111 3 

401 3 

511 .4 

501 3 

611 .3 

t 


120 

V 

3.T3 

4 04: 

4 33, 

1 62 

1 80 

5 17 

5 1 1 

V 

120 


h 

1180 (i 

1217 0 11211 1 11260 3 

1201 I 

131S A 

1312.7 

h 



i 

314 4 

301 1 1 

411 4 1 

101 4 

54 1 1 

501 1 

641 4 

( 1 


125 

V 

3.5S 

3 SS 

4 17 

4 45 

4 71 

4 07 

5 23 

r 

125 


h 

1100.3 

121s s 1 

1215 1 

1270 4 

1205 2 

1310 5 

1313.8 

h 



i 

347 4 

307 4 i 

417 4 

107 4 

547 1 

507 1 

617 4 

t 


130 

V 

3.45 

3 71 

4 02 

4 2S 

4 51 

4 SO 

5 05 

V 

130 


h 

1101 0 

121(1 7 ! 

1216 1 

1271 4 

il206 2 

1320 6 

1314 0 

h 



1 

350 3 

400 S 1 

150 3 

500 3 

1 550 3 

600 3 

650 3 

1 


135 

V 

3 33 

3 61 

3 SS 

4 11 

4 3SI 

1 4 63 

1 87 

p 

135 


h 

1101.6 

1220.6 

1217 0 

1272 3 

1207 2 

113,21 6 

i:u5 0 

h 



t 

353 1 

403 1 

453 1 

503 1 

553 1 

1 603 1 

()53 1 

t 


140 

V 

3 22 

3 40' 

3 75 

1 00 

1 21 

1 IS 1 71 

V 

140 


h 

1102 2 

1221.4 

l2tS 0 

1273 3 

1208 2 

1322 6 

1316 0 

h 



t 

355. H 

405 S 

155 S 

505 S 

555 H 

605 S 

<155 S 

t 

1 

145 

V 

3 12 

3 3S 

3 63 

3 S7 

\ 10 

4.33 

1.56 

V 

1 145 


h 

1192.8 

1222 2 

1218 8 

1271.2 

1200 1 

1323 i\ 

[1317 0 

h 



t 

35S 5 

408 5 

15S 5 

508 5 

55S 5 

60S. 5 

65S 5 

t 


150 

V 

3 01 

3 27 

:5.5i 

3 75 

3.97 

4 10 

I 4 11 

V 

150 


h 

1193.4 

1223 0 

1240 6 

1275 1 

1300.0 

1321.5 

,1318.8 

k 



L 

361.0 

411 0 

101 0 

511 0 

561 0 

611 0 

001.0 

t 


155 

V 

2 ^2 

3 17 

3 41 

3 (i3 

3 85 

4 06, 4.2s 

V 

155 


h 

1104 0 

;1223 6 

1250.5 

1276 0 

1300 H 

1325 3 

TiMO 7 

h 



t 

363 6 

413 6 

4(i3 6 

513.6 

563 6 

613 6 

! 663 6 

1 


160 

V 

2. S3 

3 07 

3 30 

3 5:^ 

; 3 71 

: 3 0.' 

4 15 

1 V 

160 


h 

1194.5 

1224.5 

,1251 3 

1276 S 

1301 7 

11326 2 

1350 6 

h 



t 

366.0 

416 0 

40(i 0 

516 0 

rm 0 

1 616 0 

000.0 

t 


165 

V 

2.75 

2.00 

! 3.21 

3 1: 

; 3 61 

1 3 S 

4.04 

[ V 

165 


h 

1195 0 

1225 2 

il252 0 

1277.6 

1302 5 

1327 1 

1351.5 

h 



t 

368.5 

418 5 

468 5 

518 5 

568 . 5 

618 5 

668 5 

t 


170 

V 

2 6H 

2 01 

3.12 

3 3 

1 3.5^ 

l[ 3 7: 

1 3 . 9 ;; 

i V 

170 


h 

1195.4 

1225 9 

1252.8 

1278 4 

1303.3 

1 1S27 ( 

) 1352.3 

h 



l = Temperature, deg. fahr. 

it = Specific volume, in cubic feet, per pound- 

A » Total heat from water at 32 degrees. B.t.u. 
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TABLE 137. — Continued 


Preasuro, 

PouikIh 

Absolute. 

\ 

Satu- 

ruted 

Stoiiiu. 

Degrees of Superheat. 

Freaeuve, 

Ponnds 

Abeolute. 

50 

100 

150 

200 

250 

300 


1 

370 8 

420 8 

470.8 

520.8 

570.8 

620.8 

670.8 

t 


175 

V 

2.00 

2 83 

3.04 

3.24 

3.44 

3.63 

3.82 

V 

175 


h 

1195.9 

1220 0 

1253 0 

1279.1 

1304.1 

1328.7 

1353 2 

h 



/ 

373 1 

423 1 

473 1 

523 1 

573.1 

623.1 

673.1 

i 


ISO 

V 

2 53 

2.75 

2 90 

3 16 

3.35 

3.54 

3.72 

V 

180 


h 

noo -1 

1227.2 

1254 3 

1279.9 

1304.8 

1329.5 

1353.9 

h 



i 

375.4 

425.4 

475 4 

525.4 

575.4 

625.4 

675.4 

t 


1S5 

V 

2 47 

2 08 

2 89 

3 08 

3.27 

3 45 

3.63 

V 

185 


h 

1 190.8 

1227.9 

1255.0 

1280.6 

1305.6 

1330 2 

1354.7 

h 



i 

377.0 

427.0 

477.6 

527.6 

577.6 

627.0 

677.0 

t 

i 

190 

i> 

2 41 

2 02 

2.81 

3.00 

3.19 

3 37 

3 55 

V 

190 V 


h 

1197 3 

1228 0 

1255.7 

1281 3 

1306 3 

1330 9 

1355.5 

h 

\ 


t 

379 8 

429.8 

479.8 

529.8 

579.8 

629.8 

679 8 

t 

\ 

195 

V 

2 35 

2.55 

2.75 

2.93 

3.11 

3 29 

3 46 

V 

195 \ 


h 

U!)7.7 

1229.2 

1250.4 

1282.0 

1307.0 

1331.6 

1356.2 

h 



t 

3S1.9 

431.9 

481 9 

531.9 

5H1 .9 

631.9 

681 9 

t 


200 

V 

2 29 

2.49 

2 OS 

2.80 

3.04 

3.21 

3.38 

V 

200 


h 

1198. 1 

1229 8 

1257 1 

1282. C 

1307.7 

1332.4 

1357.0 

h 



1 

3S4.0 

434.0 

484.0 

53 4 0 

584 0 

o;u 0 

684.0 

t 


205 

V 

2.21 

2 14 

2.02 

2.80 

2.97 

3 14 

3 30 

V 

205 


h 

119S 5 

1230.4 

1257 7 

1283.3 

1308 3 

1333.0 

1357.7 

h 



1 

3S(i 0 

43() 0 

4S0 0 

536 0 

580 0 

636.0 

686 0 

t 


210 

V 

2 19 

2 38 

2 .')() 

2 74 

2 91 

3.07 

3 23 

V 

21G 


h 

1I9S.S 

1231.0 

12.58 4 

1284 0 

1300 0 

1333.7 

1358 4 

h 



1 

3SS 0 

438 0 

488 0 

538.0 

5SH.0 

638.0 

688 0 

i 


215 

V 

2 14 

2.33 

2 51 

2 68 

2-84 

3.00 

3.16 

V 

2U 


h 

1199 2 

1231 0 

1259 0 

1284 6 

1309.7 

1334 4 

1359.1 

h 



i 

3S9.9 

430 9 

. 489 0 

539.9 

5S9 9 

639.9 

689 9 

t 


220 

V 

2 09 

2 28 

2.45 

2 62 

2 78 

2.94 

3,10 

V 

220 


h 

1199 0 

1232 2 

1259 0 

1285 2 

1310.3 

1335.1 

1359.8 

h 



t 

391.9 

441 9 

491 9 

511 9 

591.9 

041.9 

601.9 

t 


225 

V 

2.05| 

2 23’ 

2 40 

2.57 

2.72 

2.88 

3.03 

V 

225 


h 

1199.9 

1232 7 

120)0.2 

1285 9 

1310.9 

1335.7 

1360.3 

h 



i 

393.8 

443 8 

493.8 

543.8 

593.8 

643.8 

693 8 

i 


230 


2.00 

2.18 

2 35 

2 51 

2 07 

2.82 

2.97 

V 

230 


h 

1200.2 

1233.2 

1200.7 

1286 5 

1311.0) 

1336.3 

1361 0 1 

h 1 



t \ 

395 0 

445.0 

495 0 

545.6 

595 6 

645.0 

695.6 

t 


235 ' 

r 

1 90 

2.14 

2.30 

2.46 

2 02 

2.77 

2.91 

V 

235 


h 

1200.6 

1233.8 

1201.4 

1287.1 

1312.2 

1337.0 

1361.7 

h 



t 

397.4 

447.4 

497.4 

547.4 

597.4 

647.4 

697.4 

t 


240 

V 

1.92 

2 09 

2.26 

2.42 

2.57 

2.71 

.2.85 

V 

240 


h 

1200 9 

1234 3 

1261.9 

1287.6 

1312 8 

1337.6 

1362.3 

h 



i 

399.3 

449 3 

499 3 

519.3 

599.3 

649.3 

699.3 

t 


245 

V 

1.89 

2.05 

2.22 

2.37 

2.52 

1 2.66 

2 80 

V 

245 


h 

1201.2 

1234 8 

1262 5 

1288 2 

1313 3 

1338.2 

1362.9 

h 



t 

401 0 

451 0 

501.0 

551.0 

601.0 

651.0 

701.0 

t 


250 

V 

1 .85 

1 2.02 

1 2.17 

2.33 

1 2.47 

2.61 

2.75 

V 

250 


h 

1201 5 

1235 4 

1203.0 

1288 8 

1313.9 

1338.8 

1363.5 

h 



t 

402.8 

452.8 

502 8 

552 8 

602.8 

652.8 

702.8 

t 


£55 

V 

1.81 

1.98 

; 2 14 

2.28 

; 2.43 

; 2.5e 

i 2.7C 

V 

255 


h 

1201 8 

1235.9 

1263 6 

1289.3 

1314.5 

1339.3 

1364.1 

h 



t = Temperature, deg. fahr. 

V = Specific volume, in cubic feet, per pound. 
h B Total heat from water at 32 degrees, B.t.u. 
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In addition to the Mollior diap;i'ain, the Marks and Davis tables include 
a total heat-pressure diagi-ain which is of great assistance in the solution 
of problems involving ratios of ex]mnsion. 

The Ellcnwood niarts (Jolin Wiley & Sons, Publishers) have a much 
wider field of application than the cliagriuns mentioned above and afford 
a simple and accurate means of solving jiractically all thermodynamic 
problems involving the use of the projierties of steam. 

Steam Table Research ■ Power. Ajir. o, 102 1, ]). 200; Apr. 12, 1024, j) 21(); Apr. 10, 
1924, p. 284; Apr. 2(), 1024, p 420 

Experiments on the Cfcneralion of “ CrUical " Steam Power, Del. 28, 1024, ]). 003. 



CHAPTER XXII-SUPPLKMENTARY 

ELEMENTARY THERMODYNAMICS — CHANGE OF STATE 


387. General. — The laws governing the transformation of steam from 
one state to another form the basis of praetically all thermodynamic analy- 
ses of the steam engine and turbine. The more common and important 
changes arc 

(1) Isobaric or equal pressure. 

(2) Isovolurnic or ecjual volume. 

(3) Isothermal or equal temperature. 

(4) Constant heat content. 

(5) Adiabatic or no external heat exchange. 

(6) Polytropic. 


388. Isobaric or Equal-Pressure Change. Saturated Vapor. — Since 
the temperature of wet or saturated steam is (h^pendent on the pressures 
only, a constant-pressure change of such mat(Tial must also be a constant- 
temperature one. Denoting the initial and final properties by subscripts 
1 and 2 respectively : 

Initial volume Vi = xiSi + (1 ^ Xi) 0*1 = xiUi + cri. (344) 

Final volume 1^2 = 3:2^1 + (I — X2) ori = X2W1 + (Xi. (345) 

Change of volume — Vi = Ui {x^ — Xi). (346) 

External work W = Pi {vo — V]) PiUi (xo — Xi). (347) 


Change of energy = ^ (x2 — Xi). 
Heat absorbed = ri (x2 — xi). 


Notations: 



P = lb. per sq. ft. abs. x = quality of 
wet steam. 

8 = specific volume of dry steam, cu. ft. 
per lb. 

t; = specific volume of vapor, cu. ft. 
per lb. 

<r = specific volume of water, cu. ft. 
per lb. 

u = increase in volume during evapora- 
tion, cu. ft. 

t - deg. fahr. above zero. T = deg. 
fahr. abs. 

Cm - mean specific heat of water. 

C = mean specific heat of superheated 
steam. 


(348) 

(349) 

H = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X = total heat ol* dry steam, B.t.u. per 
lb. 

r = latent heat of vaporization, B.t.u. 
per 11). 

p = internal latent heat, B.t.u. per 
lb. 

q = heat of liquid, B.t.u. per lb. 

0 = entropy of the liquid. 

n = entropy of the vapor. 

N = total entropy. 

Prime marks indicate superheat. 

{Subscripts f, 2^ w, s indicate, respec- 
tively, initial condition, final condi- 
tion, wet steam, and superheated 
steam. 
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Example 96. — At a pressure of 115 lb. per sq. in. absolute, the volume 
of one pound of vapor and liquid is increased 1 cu. ft. Required the 
change of quality, external work, increase of energy and heaf. absorbed. 

Solution. — I<>om steam tables .s-, = 3.88; iri = 0.0179; pi = 797.9; 
ri = 879.8. 

Change of (luality = j-, - j-, = '’•'-rJ’..' = = 0.2.59. 

External work = I\ (r-, - r,) = 144 X 115 X 1 = 10,500 ft. lb. 
Change of energy = ^ (.r., - a ,) = 797.9 X 778 X 0.259 
— 1()(),77S f1 . 11). 

Hoat absorbed -- r, (.r^ - x,) = S79.8 X 0.27)9 = 227.79 B.t.u. 


Superheated Steam, — Let supeiheated steam ehaiig;e state at eonstant 
pressure pi from an initial teinpt'ratiire tx to a final temperature U. 

Change of volunu' = v/ — e/. The values of v' eorresponding to pres- 
sure Pi and t(Mni)eratair(‘s iy and t^ may l)e taken directly from steam 

tables or they may be calculated from ecpiation (308). They may be 
approximated from ecpiations (311) and (312). 

External woik = /^ (c/ — c/). (350) 

C'haiige of energy = ~ ~ G^51) 

= - Cl {Vi' - r/). (352) 

Heat absorbed = fl/ - ///. (353) 

Change of entiopy == N / — N /. (354) 


Example 96. — Using the data in the ])reccding example, determine the 
various quantities, if the initial degree of sui)erheat is 100 deg. fahr. 

Solution. — From superheated steam ta})les for yu = 115 and L = 438.1 
(= 338.1 + 100) we find: = 4.51; /// = 1243.1; Ni' = 1.6549. 

For p‘. = Pi = 115 and = (4.51 + 1) = 5.51 we find by interpola- 

tion H/= 1328.5; N,' - 1.7419; h' = 021.3. 


Increase of super-heat 

t 

External work 
Increase of energy 


= 021.3 - 438.1 = 183.2 deg. fahr. 

= P\ {1)2 — V\') 

= 144 X 115 X 1 = 10,560 ft. lb. 


// •/ - Ux 
A 


Pi {Vi' 


= (1328.5 - 1243.1)778 - 16,560 
= 49,881 ft. lb. 

Increase of entropy = iV/ — N2' 

= 1.7419 - 1.6549 = 0.087. 


Heat absorbed = II 2 ~ Hi 


= 1328.5 - 1243.1 = 85.4 B.t.u. 
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389. Isovolumlc or Equal Volume Change. Saturated Steam, — Since 
the volmnes si and 52 are equal 

.s‘i = ,S 2 or XiUi + (Ti = X 2 U 2 + (Ji. (355) 

External work = 0. (356) 

Heat absorbed = Xipy + qi — {X 2 P 2 + ^ 2 ). (357) 

Example 97. — A pound of mixture of vapor and liquid at 115 lb. per 
sq. in. absolute and quality 0.9 is cooled at constant volume to a pressure 
of 1 lb. per sq. in. absolute. Required the various properties at the final 
condition and the heat taken from the mixture. 

Solution. — From stc^am tables : 

= 115, = 3.88, (Ti = 0.0179, 

p, = 797.9, ry, = 309, = 1.103, B, = 0.4877, 

P2 = 1, = 333, (72 = 0.0161, P2 = 972.9, 

qi = 69.8, no = 1.8427, 0 ^ = 0.1327, 

Final (quality x^ = ^ 

_ 0.9 (3.88 - 0.0179) + 0.0179 - 0.0161 
333 - O.OKil 

= 0.0105. 

Heat removed = xipi + qi — {X 2 P ‘2 + 72 ) 

= 0.9 X 797.9 + 309 - (0.0105 X 972.9 + 69.8) 

= 947 B.t.u. 

Initial entropy Ni = XiNi + 6 ^ 

= 0.9 X 1.103 + 0.4877 = 1.4804. 

Final entropy Nn = 2 : 2^2 + O 2 

= 0.0105 X 1.8427 + 0.1327 = 0.1520. 

Superheated Steam,. — Since the final volume is equal to the initial, 
and both pressures and the initial temperatun^ are known, the final tem- 
perature may be calculated from equation (308) or it may be taken 
directly or interpolated from the steam tables. 

Example 98. — Using the data in the preceding problem determine the 
various factors if the initial degree of superheat is 100 cleg. fahr. 

Solution. — From steam tables for pi = 115 and ti = 338.1 + 100 = 
438.1 we find: = 4.51, /// = 1243.1, A/ = 1.6549. 

s for 1 lb. per sep in. absolute pressure = 333 cu. ft. but the given 
volume is 4.51 cu. ft. Therefore the steam is wet at tYie, final condition. 

From steam tables for p 2 = 1 we find : 

P2 = 972.9, q 2 = 69.8, = 1.8427, 62 = 0.1327. 

Since the volumes are equal 

Vi = Vi 

= ^2^2 “H 
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Final quality x-i 


V\ — (T2 
u 

4.51 - 0.01 (U 
333 - 0.0101 


0.0135. 


Heat removed = 77,' - AP,/;' - (jap, + q,) 

144 v 1 1 r. 

= 1243.1 X 4.51 - (0.0135 X 972.0 + 69.8) 

-mwB.i.,,. ‘ 


Initial entropy (from Kleain talde.s) X,' = 1.0540. 

Final entropy A'.. = + ft. 

= 0.0135 X 1.8427 + 0.1327 = 0.1575. 


390. Isothermal or Equal Temperature Change. Saturated Vapor. — 
Since the tempei ature of wet or saturated slc'ain is dependent solely upon 
the pressure, an isothermal change is also isobarie, and the data in para- 
graph (388) are applicable to this change. 

Superheated Steam. — The properties at initial and final conditions 
may be calculated from ecpiations of the jiroiK'rties of superheated steam 
or they may be taken directly from steam tablets oi- charts. If wt^t or 
saturated steam expands isothermally into the superheated stal(j the 
pressure must drop in order to maintain (constant temjieraturc. The 
relation betwetm pressure, volume and temperature for tli(‘ sujxjrheated 
state is given in (Mpiation (308). 

Example 99. — One pound of steam at initial pressure 115 lb. jx^r sq. 
in. absolute and superheat 100 deg. fahr. is (expanded isotluTmally to a 
pressure of 1 11). per sip in. absolute. Hecpiired the various properties 
at the final pressure, the heat a]).sorbed during (expansion and the external 
work done. 

Solution. — From superheated steam tables for pi = 115andfj' = 338.1 
+ 100 = 438.1 we find: c,' = 4.51, /// - 1243.1, = 1.0549. 

For po = 1 and = 438.1, = 535, 11/ = 1258.3, N/ = 2.1888. 

Final quality t/ — h = 438.1 — 101.8 = 330.3 deg. superheat. 

Heat add|id during (expansion = T/ {N/ — A^i') 

= 898 (2.1888 - 1.0541) 

= 481 B.t.u. 

(Note that the heat added is not equal to the difference in total heats, 
since the isothermal is not a constant-pressure line.) 

External work = i: P dv. (358) 

Since the temperature is constant dv may be obtained by differen- 
tiating equation (308). Substituting this value of dv in equation (358) 
and integrating we have, 
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External work = 85.63 T, + 2.46 (pi^ — pJ) ^ (359) 

= 85.63 X 898 log,— + 2.46 (115^ - 1^) 

= 3(36,000 ft. lb. (approx.) 

(log C = 10.8250.) 

391. Constant Heat Content. — Expansion from one pressure to a 
lower one with constant heat content is exemplified in throttling or wire 
drawing. The energy utilized in imparting velocity to the fluid is all 
return 3d to the fluid at the lower prcissure when the velocity is brought 


to zero and there are no radiation losses. 

For steam wet throughout expansion 

XiTi + qi = Xon + qz. (36( 

For steam initially wet but dry at the lower pressure \ 

XiTi + qi = Xo. (361) \ 

For steam initially wet but superheated at the lower prossiii’e 

xiri + = X 2 + Cjo = ///. (3(32) 

For steam initially dry 

Xi = Xo “h Cffji'z = H‘z , (363) 

For steam initially superheated 

Hi' = Ih'. (364) 

Loss of available energy due to throttling or wire drawing 

Loss B.t.u. per lb. = Tz {No — N^). (365) 


Example 100. — One pound of steam at an initial pressure of 115 lb. 
per sq. in. absolute is expanded through a throttling calorimeter to a 
pressure of 16 lb. per sq. in. absolute. If the temperature of the steam 
at the lower pressure is 256.3 deg. fahr. required the initial quality of the 
steam. • 

Solution. — From saturated steam tables: 

Pi = 115, ri = 879.8, qi = 309, JV, = 1.5907. 

From superheated steam tables for pz = 16 and t/ = 256.3 we find: 

Ih = 1170.8, N 2 = 1.7765, t 2 (sat.) = 216.3, 

^iri + = H2y 

879.8 :ri + 309 = 1170.8, Xi = 0.98. 

Mollier diagram analysis, Fig. 687: From intersection of constant 
superheat line 12 — 4:0 (= 256.3 — 216.3) and constant pressure line 
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P 2 — 16 trace horizontally to (*onstant pressure line pi = 115 and read 
from its intersection with the constant quality line, Ji = 0.98. 

Decrease of available energy = 7\ (N. - A',) (366) 

- (2U>.3 + im (1.77()r> - 1.5907) 

~ 125.6 B.t.u. 


392. Adiabatic Change of State. — Since in an adiabatic change there 
is no heat added to or al)stracted from the fliiiil, the eiitrojiy remains 
constant. 

Steam wet throughout change of state'. 


Ni = A^>. 

-^1^0 “h + ^2- 

Y? + 


(366a) 

(367) 

(368) 


For water only, j = 0; for dry steam, .r = 1. 
Steam initially superheat (‘d but finally wet 


i\\' = A^. 

A^l + = OTiUz + 0^, 


(369) 

(370) 


Steam superhe^ated throughout c.liange of state 

A' = N,', (371) 

Ni + //j = A 2 + aj(2), (372) 

Y "1“ ^ — -jr O 2 + log, • (373) 


Final Quality. Saturated Steam . — This cpiaiitity may lx* calculated 
directly from ecj nations (3()6a) and (367). 


^2 


A^ - e. 


thl 



(374) 

(375) 


If water only is present at the beginning of expansion, substitute N\ 
= 01 in equation (li74). 

For initial qualities of = 0,50 (approx.) or greater the final quality 
X 2 decreascis as th(^ expansion progi’esses, and for initial cpjaliti(is of Xi = 
0.50 (approx.) or less the final quality increases. For initial (juality Xi = 
0.50 the final quality X 2 remains practically constant. 

The final volume may be calculated as follows: 

Wet steam, V 2 = + (T 2 , (376) 

X 2 as calculated from equations (367) and (370), 


Dry steam, V 2 = S 2 . 


(377) 
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Superheated Steam, — For superheat at the end of expansion the calcu- 
lations involved in equation (373) are too cumbersome and unwieldy and 
the Mollier diagram may be used to advantage. 

Volume Change. — Superheated steam: the final volume V 2 may be 
calculated from equation (308) by substituting for p the final pressure, 
and for T, the final temperature as calculated from equation (373). The 
final volume, however, may be taken directly from the pressure-entropy 
chart. 

External Work. — Since the heat added or su])trac-ted is zero, the 
external work is ccpial to the change of intrinsic; energy, or in general 

^ ^ A ~ “ A]\v,)]. (3,78) 

Steam initially wet 

w [(X,p. + g.) - (x,p, + 5,)]. (37^) 

Steam initially dry, substitute = 1. 

Steam initially supcu'heated but wet at end of expansion 

^ "a ~ ~ 

Steam initially superheated but dry at end of expansion substitute 

X2 = 1 . 

Steam superheated tliroughout expansion 

w =J f(y/i' - AP,v,') - {Hn' - AP.^./)\. (381) 

Heat absorbed = Hi — Ih- 
Steam initially wet 

Hi - II 2 = (xiri + qi) - (X 2 r 2 + <72). 

X2 as calculated from equation (374) . 

Steam initially dry, substitute xi = 1. 

Steam initially superheated but wet at end of expansion 

Hi' - Ih = Hi' - {X 2 r 2 + (72). ^ 

Steam superheated throughout expansion, heat absorbed 

III' - H 2 '. (384) 

Example 101. — One pound of steam at initial pressure 115 lb. per 
sq. in. absolute and superheat 100 deg. fahr. expands adiabatically to 


(382) 


(383) 
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1 lb. per sq. in. absolute. Required the various quantities at the final 
condition. 


Solution. — From superheated steam tables for /n = 115 and t\ = 438.1 
= (338.1 + 100) we find: /// = 1243, r/ = 4.51, Y/ - 1.0549. 

From saturated steam tables: po =- 1, .s = 333, qz = 09.8, Ih = 1104.4, 
ra = 1034.0, po = 972.9, = 1.8427, 6. = 0.1327, (t,> = .0010. 


Final quality: 


^'2 = 


N/ - e, 

1.0549 - 0.1327 _ 
1.8427 


Mollier diap;T*am analysis, Fip;. 087 : Tra,c(' the intersection of y\ = 1 15 
and i\ = 438.1 vertically downward (constant entropy) to the line pa = 1 
and read 0.820 at the intersection of this line with the constant (|uality 
line (interpolated in this (\’is('). 

Final volume : vi = a aW2 + oi 

= 0.820 X 333 + 0.010 
= 275 cu. ft. 

(This (luantity may be taken directly fi'om the total lieat pressuie 
diagram.) 

External work: IF = -V [(/// — AI\Vi) — (a^pa + q‘i)], 

A 

= 778 [(1243.1 - 4.r)l) - (0.820 X 072.0 + 60.8)] 

= 213,038 ft. lb. 

Heat abKOrbed fi’oni the fluid 

= III - {rir- + qi) 

= 1243.1 - (0.820 X 1034.0 + 00.8) = 318.8 K.t.u. 

Mollier diagram, Fig. 687: I’loject the intersection of /n = 115 and 
ii' = 438.1 ui)on tlie Y axis and read II i = 1243. Similarly the pro- 
iection of tlie inter.scction of p- = 1 and i-i = 0.820 gives Ih = 024.3, 
Ih' - Ih = 1243 - 024.3 = 318.7 B.t.u. 


393. Polytropic Change of Stati>. — A general law for the expansion of 
any vapor (wet, dry, or superheated) is 


= constant, 


= p2V2^j 



(385) 

(386) 

(387) 


By giving n special values we are able to obtain the various changes 
of state for constant volume, constant pressure, isothermal and adiabatic. 
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The work done by expansion for all values of n, 
expressed 

except n = 1, may be 


II 

(388) 


_ PiVi — P 2 V 2 
n — 1 

(389) 

For n = 1, 

W =J^Pdv 

(390) 


= Pm logc -- 

(391) 

1 

1 


Saturated Steam, — Since with wet or saturated steam there caA be 
no change of pressure without a change of temperature, the valu^ of 
n will vary with every change of state and for this reason the usc\ of 
equations (385) and (388) arc more troul)lesome than the preceding 
thermal analysis. An exception is that of “ saturated expansion in 
which steam remains saturated throughout change of state. A study 
of the actual volume occupied by a pound of dry steam at various pres- 
sures will show that n has an approximately constant valxm of 1.0646 or, 

pii^ii.0646 = constant, (392) 

u = s — <r, (Except for high pressures the 
influence of a is negligible and u = s 
may be safely assumed.) 

This condition of constant saturation during expansion seldom occurs 
in steam engine practice but equation (392) oft'ers the only simple solution 
of problems involving work done by such a change of state. 

Example 102. — One pound of steam at an initial pressure of 115 lb. 
per sq. in. absolute expands to a ])ressure of 2 lb. absolute and maintains 
a saturated condition throughout expansion. Rcciuircd the final volume 
and the work done during expansion. 

• 

Solution. — From equations (386) and (392) 

* - “.(g)" 

= (3.88 - 0.018) (^)niM 
= 173.6 cubic feet. 

This value checks with that obtained 
from steam tables. 
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Work done W = — 

11 — 1 

^ i44 (115 X 3.8G2 - 2 X 173.0) ^ _ 

1.0640 - 1 ’ ' 

Wfi Stcatn. Adual Expam^ioN . — The values of ii for the expansion 
and compression curves of indicator diagrams from act\uil engines are 
subject to a wide variation. A stiuly of several types and sizes of engines 
by J. Paul Clayton' gave values of n varying from 0.7 for wet steam to 
1.34 for highly superheated steam. The average value of n is, how'ever, 
not far from 1. That n = 1 for isothermal gas exi)ansion and the average 
actual steam cylinder expansion is a mere coincidence and does not signify 
that the expansion in the latter is isothermal. See (Conventional Dia- 
gram, par. 300. 

Example 103. — ()n(‘ jioimd of saturated steam at an initial pressure of 
115 lb. per s(j. in. absolute (ix})an(ls so that its volume has been increased 
5 times. Recpiired the work done during expansion. - 

p., 

Solution. — ir = Piv\ loSf ” 

= 144 X lirl X 3.88 loK, ?, 

= 10:1,200 ft. II). 


Wet Steam. Adiahalic lispan-voii. — The cii.se with which problems 
involving adial)atic expansion of viipor or nioderatcly sui)crhcatcd steam 
can be solved by exact thermal iinalysis precAudes the u.se of the more 
trouble.sonie polyiropic exiiaiision law. A number of attempts have been 
made to derive laws which will give the v.due of n for adiabatic, expansion 
of saturated or wc't sb'am but their iMaanacy i.s limited to a comparatively 
narrow range of pressures iind (puility. A rule formulated by H. E. Stone’ 
ami often used in this connection i.s: 

u = 1.059 - 0.000315 p + (0.0706 + 0.000376 p) x. (393) 


Example 104. — On(! ])ound of steam expands adiabatic, ally from an 
initial pressure of il5 lb. i)er .scp in. and (piality 0.9 to a pre.s.surc of 1 lb. 
absolute. Kecpiired the final volume and the work done during expansion 
by exact thermal methods and by the polytropic law using equation (393) 
for determining the value of n. 


Solution. — From steam tables: 


Pi = 115, Qi — 309, 
p, = 1, q, = 69.8, 


Pi = 797.9, 9i = 0.4877, 
p., = 972.9, O'i = 0.1327, 


n, = 1.103, 
th = 1.8427, 


* Ilnivensity of Illinoi.? Bulletin, Vol. t), No. 26, 1915. 


2 Assuming n = 1. 

» University of Illinois Bulletin, Vol. 9, No. 26, p. 79. 


?)i = 3.88, 
Vi = 333. 



964 


STEAM POWER PLANT ENGINEERING 


Exact thermal methods; 

Zlttl +61—62 


_ 0.9 X 1.103 + 0.4877 - 0.1327 
1.8427 

= 0.731. 

th = Xjlfe + (T2 

= 0.731 (333 - 0.016) + 0.016 
= 247.7 cu. ft. 

^ ^ [(xipi + f/i) - (X2p2 + gi)] 

= 778 [(0.9 X 797.9 + 309) (0.731 X 972.9 + 69.8)] 

= 191,571 ft. -lb. 


Polytropic law: 

11 = 1.059 - 0.000315 X 115 + (0.0706 + 0.000376 X 115) 0.^ 
= 1.125. (From Equation 393). 

Vi = x^ui + ai = 0.9 X (3.88 - 0.016) + 0.016 \ 

= 3.5 cubic* feet. 

P\Vi^ = p2V‘i'. 

115 X 3.511^5 = I X 

V 2 = 235.6 cu. ft. 

n — 1 

_ 144 (115 X 3.5 - 1 X 235.6) 

1.125 - 1 
= 192,268 ft.-lb. 


The vahie of n which will give the same work during expansion accord- 
ing to the polytropic, law as the exact l.hermal analysis, for the conditions 
specified in the problem, may be determined as follows : 

PlVi — P2V2 
W = 1 y 


191,571 

n 


144 (115 X 3.5 - 1 X 247.7) 
n - 1 

1 . 11 . 


This value of n is an average only since the true value varies at different 
points along the expansion line. This may be shown by plotting the true 
adiabatic expansion line on logarithmic cross-section paper. See par. 400. 

Superheated Steam. Isothermal Expansion. — For steam so highly 
superheated that it does not approach the wet state at any point during 
the change of state> n = 1, and the exponential law offers the only simple 
solution for the work done during expansion. This case has been treated 
in par. 390. 

Superheated Steam. Adiabatic Expansion. — The work done during 
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adiabatic expansion may be approximated from llio jiolytropic law by 
making n = 1.3. Goodonough gives the following as more accurate 
than the simple law pv" = constant. 

p {v' + 0.088)'^' = constant. (3114) 

Example 106. — Steiun at 00 lb. per sq. in. ab.solute piessurc and 
initially superheated to 300 deg. fahr. expands to a pre.ssure ot In >. 
absolute. Retpiired the linal A'olume and work done according to le 
polytropic law. 

Solution. — From supinheati'd steam tables for ;n = Ot) and suiieiheat 
of 300 deg. fahr. 

>V = 10.11, 

00 (10.41 + 0.088)'-'" = 10 (V'i' + 0.088)' 
v/ = 30.2. 

Thermal analysis gives i'/ = 30. 

7>, (/V + 0.088) H- (»'2'_+_0.088) 



141 (00 X 10.0 -I- 10 X 30.1) 

" 1.31-1 

= 83,000 approx. 

Thermal analysis gives IF = 78,800. 



CHAPTER XXIII. — Supplementary 
ELEMENTARY THERMODYNAMICS OF THE STEAM ENGINE 


394. General. — The recent marked improvement in the heat economy 
of the piston engine is largely due to a better understanding of the ther- 
modynamic principles involved in its operation. Once the engine lias 
been constructed, no amount of attention or mechanical adjustment will 
appreciably affect the economy since the h(*at efficiency is primarily\a 
function of the design. It is not the object of this chapter to analyze 
the various thermodynamic laws underlying the design and operation of 
the piston engine but rather to show their application to the existing 
types of steam prime movers. In developing an engine with a view of 
bettering the performance, a knowledge of the theoretical limitations of 
the particular type uiuka- consideration is necessary. With this limit as 
a guide, the degree of perfection of the actual mechanism is readily ascer- 
tained by comparing test results with those theoretically obtainable. 
Complete conversion of the heat supplied into useful work is impossible 
for even the perfect or ideal engine; hence some other standard than the 
heat supplied is desirable for comparison. There', are several ideal cycles 
which simulate to a certain extent the action of steam in the real engine. 
The more important of these will be treated in detail. 

305. Carnot Cycle. — The ( 'arnot cycle gives the highest possible effi- 
ciency for any type of heat and it would seem to b(^ the most desirable 
cycle for the steam engine; but, as will be shown later, there are practical 
limitations which more than offset the thermodynamic advantage. Never- 
theless a study of this cycle is of importance in showing the absolute 
degree of perfection which can be realized theoretically. 


Notations: 


A 


J_ 

778’ 


p = lb. per sq. in. abs. 


P = lb. per sq. ft. abs. x = quality of 
wet steam. 

s = specific volume of dry steam, cu. ft. 
per lb. 

V = specific volume of vapor, cu. ft. 
per lb. 

ff = specific volume of water, cu. ft. 
per lb. 

u =s increase in volume during evapora- 
tion, cu. ft. 


t = deg. fahr. above zero. T = deg. 
fahr. abs. 

Cm = mean six^cifirheat of water. 

C = mean specific heat of superheated 
steam. 

II = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X = total heat of dry steam, B.t.u. per 
lb. 

r = latent heat of vaporization, B.t.u. 
per lb. 

p = internal latent heat, B.t.u. per lb. 


966 
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g = hc!it of lii|iiid, H.l.u. per lb. 
0 = entropy of the liquid. 
n = entropy of the, viipor. 

N == total entropy. 

Prime marks indicfite superheat. 


JSubscripts 1, u\ .s' indicate, res|wr- 
lively, initial eonditioii, finiil ooiidi' 
lion, wet steam, and suiMTlieated 
steam. 


The duiKrain in 088 reprcscail-s the pressure- vohiiiio nctioii of an 
ideal steam eii^iia^ oi)era(iiif]; in the C’arnot ey(‘.le.’ I'or simplieity assume 
the cylindcT to be 1 scj. ft. in area, to eoniain unit weight of water and to 
have a piston displacement ecpiivalenl to 1 lb. of saturated st('am at the 
existing back })ressur(\ At the beginning of the stroke 0^ the non-eon- 
ducting cylinder contains water at tem- 
perature T\ corresponding to pressure 
P\. Heat is added to tlie litpiid until 
vaporization is cijinj^ilete, the move- 
ment of the frictionl(‘ss piston being 
such that the pressure and therefore 
the temperature is constant, that is, 
expansion from 0 to / is isollurmal. 

The source of heat is now removed 
and the ynston is forced fi*om / t-o J 
by the expansion of the steam. Since 
the cylinder is non-conducting and 
there is no r(‘cei)tion or rejection of 
is adiabatic. From 2 to 3 heat is abstracted from the steam at such 
a rate that th(^ temiieraturf' and heiuie th(‘ juessure remains constant, 
that is, tli(^ steam is comi)ressod isoihcnnalhj. At. 3 the heat ab- 
straction is terminated and the juixture of vapor and liquid is compressed 
adiabaiicalljj to tlu’ initial tem])craturc and inessure 7\. The location of 
point 3 is such that water only at t(uuperature Ti will be i)resent at the 
end of cominession. This assumption that tlane is only water at 0 and 
saturated steam at 1 is not lu^cessary, and any degree of wetness or super- 
heat may be assuiiuvl since it in no way affects the efTi(‘iency. 

The net work pei cycle is represented by the shadcai area 0123. 

Area 0123 = ar(‘a Oljd + area 12tjf — area 32(jc — area d03e (395) 
Area Olfd = P\Vi = Pi (.s*i — ai) = PiUi. See ecpiatjon (347). 

Since no h(*.at is added during expansion from 1 to 2, th(? internal work 
is equal to the difference in intrinsic energy. See eipiation (379), hence: 

Area 12(jJ = [(pi + ^i) — (x 2 P 2 + qi)] ^ (396) 



Fio. 688. V-V Diagram for Perfect 
thigmo Ojioniting in thi* (Jarnot 
V\v\i\ 


heat, the (‘xpansion from 1 to 


1 This is really a iliagrain for the complete power plant, involving engine, boiler, 
condenser, feed pump, etc., and not an indicator card of the cylinder. 
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Area 32 (je = P2V3 = P2V2 — P2V^. 

(397) 

But 

V2 = X2'w> + 0-2 (sec equation (310)) 


and 

Vi = X'iWi, + 0-2. 



Substituting these values in equation (397) 

Area S2ge = — P 2 X^w^ 

= P2U2 {X2 — X2). 

Since no heat is added during compression from 3 to 0 and there is 
only liquid at 0 the external work done on th(i steam is ecjiial to the increase 
in intrinsic energy, or 

1 i 

Area dOSe = [qi — (x^p2 + (72)] ^ • 

All of these factors with the exception of X2 and T3 may be obtained 
directly from the steam tables. X2 and T3 may be calculated from ecjuatioVi 
(374) or they may be taken directly from the temperature-entropy dia- 
gram. 

From the above data the PV diagram may be readily plotted to scale. 
In order to obtain the true contour of the expansion and compression 
lines, several intermediate j)oints should be calculated and located on the 
diagram. 

The area 0123 when correctly drawn should check with the calculated, 
work. Substituting the values of the different areas in equation (395), 
we have 

Net work per cycle = PiUi + [(pi + qO — (X2P2 + (^2 — X3) 

- [qi - (xsP2 + q2)] 

= PiUl ^ — X 2 ^p2U2 + + Xs ^P2U2 + ^ . (398) 

Heat absorbed in doing work 

= APiUi Pi — X 2 {AP 2 U 2 + P 2 ) + 3:3 {AP 2 U 2 + P 2 ), 

= APiUi + pi — (x 2 — X 3 ) (AP 2 U 2 + P 2 ). (399) 

From equation (325) APiUi + pi = n and AP2U2 + P2 = 7’2. 

Therefore heat absorbed 

= n — r2 (x2 — Xs). (400) 

The water rate or steam consumption per hp-hr. of the ideal engine 
working in this cycle is 
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__ Heat equivalent of 1 hp-hr. 

Heat absorbed per lb. of fluid 

(401) 


2547 

ri — Ti (.ro — .ra) 

(402) 

Efficiency; 

Heat absorbed 

Heat sui)plie(r 

(403) 


_ — r-i (.ro — :r:,) 

ri 

(404) 

But 

To 

T 2 (*^2 — ^ rji see (Mpnilion (2>(iS). 

(405) 

Therefore 

1 \ 

„ T\ 7’, - 7’. 

^ ~ 7’ ’ 

(400) 


n 7’, 


which is iiul(‘i)on(lont of the nature of tlie workiiip; sul)s1anc^e and dependent 
only on tlu^ liuifre of tein[)eratm’(‘. 

The sliaded area OUJ, I'ij;. ()H9, renresents IIk' P-V lelationsliip of 
688 plotted in the temperature-entropy dia.j 2 ;ra,ni in wJiieh ordinates auj 
absolute t(‘ni]K'ratures and abscissas iiicreasi^ of laitropy. This diagram 
is useful in visualizing the th('rmal changes jxm* stroke^ or cycle, lane 'ww 
rei)resents the incr<;as(* of entropy of th(* liquid 
above 32 deft’, fahi’. and .s.s- the increase of entro])y 
of th(' va])or. Heth of thesi' lines are readily 
cojistructed ))y i>lottin^ s(‘veral values of 0 and 
N as abscissas for corn^spondinp; values of T 
as ordinates. These (paint it ies nuiy b(‘ taken 
directly from steam ta))le,s. (hi therefon^. re- 
presents the isotlicirmal ex])ansi()n of the. fluid 
from water at terniMnature 7h to dry stcann at 
the same temi)eiature. 8inc(^ the entropy is 
constant for adia])atic exparision, J-J lejnescmts 
the expansion of tii(^ saturated fluid from tem- 
perature Ti to temperature T 2 . Similaily 'hli 
represents isotliermal com})ression at temfx'ra- 
ture T 2 and 3- 0 adiabatic; compression from tem])erature Tz to the initial 
condition. If tin; various lines are drawji to scale 

Heat supplied above 32 deg, fahr. = an^a rnOPn. 

Area mOln = 0-1 X Ti — niT\ = ri. 

Heat rejected above 32 deg. fahr. = area mS2n. 

Area 7n327i = 3-2 X = 7 L 1 T 2 . 



Pur ()S9. 1 oiDpc^rutiiro-c^n- 

tropy Perfect 

Carnot C'yckj. 
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Heat absorl)e(l = area 0123 = area mOln — area 7rh32n 

= Vi — niTo. 

= n - r2 (x2 - xa). 

^ I . c2 aO ~\- 01 — he Til 6 i — 62 

Quality at end 01 expansion X 2 = — ; = ; 

Co cc 

Quality at lieaiiininp; of compression X 3 = — = 

ce ce 712 


For any de^ziree of wetness at the lieginninp; and end of isothermal 
cxjiansion, the iioiiit 0 will lie to the right of the intersection of ww and 
7^, and the point 1 will lie to the left of the intorsec^tioii of ss and Ti. 
The figure 0123^ howt'vc'r, will always be a rectangle. j 

If isothermal ajiiilie.ation of heat is continued during admission until 
the fluid is superh(^at(Hl, the point 1 will still lie on the line aOl but ^3 
the right of the vajior line In order to maintain a constant temper)).- 
ture of Ti in the superheated zone, the pressure must be lowered accorcir 
ing to the law expressed by ecpiation (308). Since superheat is supplied 
ill pra(‘.t/i(;c with gradually increasing temperature and not isothermally, 
the Carnot cycle is not a satisfactory standard for comparing engines 
using sujierheated steam and hence this case will not be considered. 


Example 106. — Determine the heat alisorbed, wa-tcu’ rate and efii- 
cienc-y of a perfeci engine* working in the (ku-not cyclic if the cylinder 
contains only water at the bc'ginning of the cycle and saturated steam 
at (iut off. Initial pre^ssure 215 lb. per sep in. absolute; back pressure, 
2 lb, absolute. Assume one pound of fluid per cycle. 

Solution. — P>ojn stc*am table's: 

])i = 215, /i - 3SS, .s-i = 2.1 38, gi = 361.4, n = 837.9, pi = 754, 

Ox = 0.5513, ih = 0.9885, = 0.0185, A'l = 1.5398, 

p. = 2, h = 126.15, ,s', = 173.5, <72 - 94, 7*2 = 1021, pa = 956.7, 

O 2 = 0.1749, 7/2 = 1.7431, (T2 - 0.0162. 


Qualities: 


a’o = zero. 

1 — 02 


or'i = 



Xi = unity. 


1.5398 - 0.1749 
1.7431 


0.7833. 


0,.5513 - 0.1749 
1.7431 


0.216. 


(See c(juation (374).) 


Specific volumes: 

Va = <Ti = 0.0185. 

= Si - ai = 2.138 - 0.0185 = 2.12. 

1^2 = X 2 U 2 + <t 2 = 0.7833 X 173.5 = 135.9. (See note, equation (310).) 

V3 = V2- Vi = 135.9 - 37.53 = 98.37. 

1)4 = XiUii + (72 = 0.216 X 173.5 = 37.53. (See note, equation (310).) 
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Work: 

Admission: P^vi = 144 X 215 X 2.12 

= 65,635 ft-lb. 

Expansion = — [(pi + gO - {x«pi + 

= 778 [(75*1 + 361.4) - (0.7833 X 0.56.7 + 04)1 
= 211 616 ft-lh. 

Exhaust: P«v.\ = 141 X 2 X 08.37 
= 28,350 ft-lh. 

(’omprossion = ^ [<7i — + g-j)! 

= 778 (361.4 - (0.216 X 0.56.7 f 01)], 

= 47, .302 f 1.-11). 

Not work = (65,6.35 1- 211,616) - (28.350 f- 4 7, .302), 

= 201,.500 ft-lh. 

Ho;it: 

Efixiivalcnt of work doiu* = 201,500 -h 778 = 2.50.1 B.t.u. 
Supi)lio(l = n = 837.8 H.l.u. 

‘^50 1 

Effici(‘ii( y : AV = H.,! ,, 0.300 = 30.0 ))(‘r cont. 

OO ( .U 

Water rate: TTV “ 

) 1 1 • 1 


Tettt pd'dlurc-bhd) opt/ Diagram 

Heat equivalent of work done - ni {Ti — 7\») = /q (k — 

- (MlSSf) cm ~ 12(>.ir)) 

■= 259.0 B.t.ii. 


Efficienoy - ^ 7 n— “ = ^ 0-300 = 30.0 ])er eent,. 

J 1 0*1 o 


h) 


While il is eoneeivablc* to liuild an engine whieli will sinuilato the true 
Carnot eyel(‘ it would he praetic^ally inii)ossihle to do so without intro- 
ducing evils which Avould more than count erhalance tlie thermodynamic 
advantage. The comjwession in the actual engine must not he confused 
with the adiahatic® compression of the ('arnot (‘ycl(‘, sinc(i th(^ cushion 
,st(‘am involved in the of)(M‘ation of th(‘. fornnu- is hut a fraction of the 
total fed to the cylinder and has hut little innuenc(^ on the thermodynamic 
action of the engine. 

A modification of the Carnot cycle, knowm as the rcfpmeralive .s7cam- 
engine cycle and having the same efficicaicy as the Carnot cycki, has been 
simulated by a special type of Nordberg pumping engiru*. The engine 
is quadruple-expansion with four cylinders, three receivers and five feed- 
water heaters in series a, b, c, ri, and e. The feedwater is taken from the 
hotwell and passed in succession through the various heaters: a receives 
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its heat from the exiiaiist steam on its passaf^c to the condenser; h receives 
its heat from th(' low-inessure cylinder jacket; and c, d, and c, respectively, 
from the third, sc'coikI, and first receivers. Referring to Fiji;. (>90, if /--c' 
is drawn j)aTallel to the water line ww the area Olc'c will e(pial the area of 

the Carnot cycle 0123. The Nordbcrg 
engine approximates this cycle as in- 
dicated by the broken lines. The ex- 
]mnsion in the first stage corresponds 
to l~a\j that in the second to a\-a 2 , and 
so on for eacli of the other stages. Heat 
repi(^sented by the an^a below Oi-a/ is 
abstracted from th(^ first stage anti is 
us(M.l to raise the condition of the wAter 
from to h\] hc^at (lorresponding \ to 
the area below U‘>(i 2 is withdrawn frciin 
the second stage and is iisc'd to raii^c 
the (ondition of the wat(‘r from Ih to 
and so on for each stage. Thus heat 
is abstracted by steps from the ex- 
panding steam and is used for progress- 
ively heating the fe(‘d water. The 

gi-eater th(^ numbei* of steps the nearer 
will the actual cycle approach the ideal. The famous Nordberg com- 
pressor^ attained 73.7 per cent of the efficiency of the Carnot cycle for 
the same temiKU’ature limits, an 
exceptional performance for tliis 
period. 

396. Ranklne Cycle. Complete 
Expansion.^ — This cyck' has been 
adopted by the Americ^an Society 
of Mechanical Paigineers and 
the British Institution of Civil 
Engineers as the standard for 
comparing the performance of all 
steam i)rime movers. It is of 
value not only in comparing the 



Fio. 690. 


Eulropy 

Regoncridivc Steam Engine 
(\vclr. 



W^orkjng in thti Rankin e Cycle with Com- 
f )lo tc'. Expan sion . 


performan(;es of steam engines with each other but also in comparing 
engines with turl^ines. In an engine working according to the Ilaukinc 
cycle, steam is admitted at constant pressure, expanded adiabatically to 


^ Eng. News, Mny 4, 1899, p. 280. 

2 This ]s often called the Clausins cycle since it was published simultaneously but 
independently by both ('lausius and Rankine. 
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the l)ack pressure, and exhausted at that pressure. The engiue has no 
clearance and there are no heat losses from friction, imperfect ex [mansion, 
or otherwise, all the enerp:y taken from the steam beinji; converted into 
work. The diagram 01 Fiji;. (iDI, re])res(Mits the familiar indicator card 
or pressure-volume diaf>:ram of the working; thiid operating in this cycle. 
0-1 rcpres('nts th(' admission of steam from the hoileis ai (“oust ant pressTire 
/^; 1-2 is an adiabatic e\i)ansion to exhaust pressure /V; 2-3 exliaust 
III constant ])ressuie and 3-0 a practically constant N'olunio pressure 
]'ise. 

For all conditions of stcaiin; 

Wo]k done dui ing admission area. Otf<( 
done dining expansion = area 1 hjf 
Work done during ('xliaust “ area. 32{tii 

N(‘t work ” area 01 fd 4- area 1 l(jf ~ area S3gd 
= area (fl23 

Per pound of w(‘t or salinated steam: 

Work done during admission = /^ (.r id + (Ji) ft-li). 

Work doiM; during (‘xiiansion -- |(.hci + //i) - -f- q^)] ft-lb. 

Work done during exhaust ™ f a^) ft-11). 

Net work = I\ (.rwvi aO 4 - |(.ri/ 7 i + r/,) 

- (X2P, 4 - r/4| - /*- {.r,fd 4 - cT,) f1.-ll). (407) 

~ Ji'i 4' (/\ — 4" B.t.u. (408) 

- //, - //, JFt.u. (409) 

Per pound of steam superheated at admi.ssion but wed. or saturated 
at end of expa-nsion: 

Work doiK' during admission Pic/ ft-Ib. 

Work done during exfiansion ^ ^ /// -- /^c/^ - | + 72 ) ft-lb. 

Work done during exhaust = 1\ + 0 ^ 2 ) ft-lb. 

Net work = IW -|- ^ ( * /// - + q,^) 

— 1^2 -|- (Jo) ft-ll). 

= /// — (jopa -h 72 ) — 4 Pi;(-^’2W24-Cr2) B.t.u. 
= III — {jC'zTii + 72 )* B.t.u. (410) 

= III - III B.t.u. (411) 

* The quantities F\ox and are negligible and have been omitted in this equation. 



974 


lSteam power plant engineering 


Per pound of steam superheated throughout admission and expansion; 
Work done during admission = PiVi' ft-lb. 

Work done during expansion = ^ II/ — r,Vi' — /h' — P 2 V 2 ^ ft-lb. 

Work done during exhaust = /‘iVi' ft-lb. 

Net work = Ptv,' + ^ (/// - ///) - P,v/ -h P 2 V 2 ’ 

- P 2 V 2 ' ft-ll). (412) 

= Hi' - H/ B.t.u. (413) 


Calling Hi and 11 „ the initial and final heat content for all conditions 
of steam, a generiil exprossif>n for tlui heat converted into work HJ^ is 

= Hi - //„. (4M) 

Heat supplied Hi above exhaust temperature t is \ 

Hi = Hi - qn. (415\ 

Efficiency A’, = ~ (416) 

H i — qn 

Steam consumption or water rate, lb. per hp-hr., is 


__2r)4;^ = 2^) 47 

///- Hn Er{H;- q;y 


(417) 


The temperature-entropy diagrams for the conditions discussed above, 
are shown in Figs. ()92 to (>94. For saturated or wet steam it will be 



Fig. 692. Tomporature-entropy Dia- 
gram; Porfcct Engine, Hankine 
Cyele with Complete Exjiansion. 
Steam Dry at C'ut-olT. 



Fig. 693. Temperature-entropy Dia- 
gram; Perfect Kngin(‘, Itankine Cycle 
for Wet StiNirn a1. C.Uit-ofT. 


noted that the admission line is an isothermal since a constant-pressure 
expansion for saturated steam is also a constant-temperature one. For 
superheated steam, however^ the temperature increases with the degree 
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of superheat, the pressure reinainiug eonstant, and tlie relation hetW(‘en 
])ressure and voliiiiie varies aecordiiip; to llu* law expressi'd in (‘(piation 
(308), that i.s, the location of ]x)int T, V\^. 004, is fixed hy deterniining 
the entropy eorrespondinj*; to i)ressiire 1\ and t(anp(Ta( lire Ti'. 'hhis 


may Vie ealcnlated from equation 
(343) or it may he takim dir(‘eUy 
from suiKa’heati'd slcaun tallies. 

A study of eipiatioM (410) in eon- 
neetion with the Mollier diaj»;ra.iii will 
show that 

(1) The Raiikine eyele when usiny; 
superheat ('d steam has a low(‘r tlu'o- 
retieal efheieney than that of th(‘ 
same eyele with saturaled xapoi 
havinjj; tlu' same maximum tenqiera- 
ture. 

(2) The th(‘oretieid (4fieieii(‘y in- 
creases hut slij»;htly with lh(‘ inerease 
ill suyierheat, th(‘ maximum ])r(‘ssur(^ 
rcmaininji, eonstant ; sc'e Ta,hl(‘ 00. 

(3) The theoretical effieienev in- 



Kiilinpy 


l''i(i. ()91 'IVnijHTMtuKM'nlropv Diagram; 

ItiiikiiK* ( lor Steam 
Sii|)crli(Ml(‘(l (Inoii^lioiil I'kpjUKsion. 


creases rapidly with tli(‘ increase in pn\ssiu(‘ ranfz;('; sec' Tahl(‘ Tit). 


The behavior of the actual enp;ine under these conditions is discussed 
in paragrajihs 1S3 and hSO. 

A comparison of the C'arnot and UankiiK* cv(‘l('s shows a lowin’ enic-iency 
for the latter for the same (qHnatiufi; conditions, as would h(^ ex])ecte(l. 
The water rate for I he Carnot cycle, ho\Aev<'r, is hifiher. This apjiarent 
anomaly is due to the faid that the heal siqiplied per jiound of liuid is 
much larjj;er in the Hankine than in the Carnot,. Thus l(\ss weight of 
steam is used per hp-hr., hut each jKiund leinnves more heat and this is 
used l(^ss efhciently. 


Example 107. —•A perfect enfz:ine o])eratin^ in the Kankinc' cycle with 
complete expansion takes steam at 115 Ih. jXM- sq. in. ahsolute pressure, 
quality 08, and exhausts apiinst a. hack iiressurc', of 1 Ih. ahsolute. Re- 
quired the condition of the steam at end of expansion, tVie work done, 
cfRciency, and water ratix 

Solution. — From steam tables ; 

Pi = 115, ti = 338.1, n = 870.8, qi = 300, Ih 1188.8, 0i = 0.4877, 
ni = 1.103, 

P2 = 1, <2 = 101.8, ra = 1034.6, q2 = 00.8, 0^ = 0.1327, 

rh = 1.8427, 
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Xi = — (See equation (374).) 

rii 

_ 0.98 X 1.103 + 0.4877 - 0.1327 
f.8427 

= 0.779. 

Heat eonverted into work 

= xiTi + 7i — (X2r2 + qi) 

= 0.98 X 879.8 + 309 - (0.779 X 1034.6 + 69.8) 
= 1171.2 - 875.7 = 295.5 B.t.u. per lb. 

EfFiciencsy = 

Hi - <12 
20 r 

= 0.2G8 = 2().S per cent. 


Water rate = 


1171.2 - ()9.8 
2540 

hi- Ifi 
254 
295.5 


2547 


The initial and final heat content may he taken directly from the Mollier 
diaf 2 ;ram; as a matter of fact it is customary in j)racti(‘e to use tlie diagram 
cxcei)t when extreme accuracy is nec^essary or when the given conditions 
arc beyond the range of the charts. 

397. Raukine ("ycle with Incomplete Expansion. — If (expansion after 
cut-off is not carried far enough to reduce the pressuie to that of the 

back-pressure line as shown in Fig. 
()95, the Raiikine cycle more nearly 
simulates the cycle of the actual 
engine. This cutting the toe 
off the diagram decTcases the efFi- 
ciency, but pennits of the use of a 
smaller cylinder. A (*omj)arison of 
th(' diagram in Fig. 091 with that 
in Fig. 095 will sjiow that the area 
012' S' is of the same outline as area 
0123] consequently the work done 
would be that (lon^esponding to com- 
plete expansion to pressure plus 
that represented by area 3' 2' 23. 

If He represents the heat content corresponding to complete expansion 
to pressure Pc the heat equivalent of the work done (area 012' 3') is 
— He B.t.u. per lb. 

Work corresponding t J area 3' 2' 23 = {Pc — P 2 ) Vc ft-lb. per lb. 



A'olumo 

Fia. 095. Indicator Card for Perfect En- 
gine Working in the Rankine C ycle with 
Iiicomi)lete Exj)iin,sion. 
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Hence, heat converted into work = II i — lie + -4 

Heat supi)lied is the same as for complete cx])iuision = //,• — 


Therefore efficiency E/ 


Water rale W 

For wet steam, 
For dry steam, r,- 
l'\)r siiperli(‘ated stcaim, /v 


//, - He + A (J\ - 7\>) 


//, - 
254'; 

77, - He + (77 - 77) e, 

.r,//, + tr,; == (for all practical purposes). 


(418) 

(419) 


l\' — (Jf 


"Jlie tem])eraiur(‘-(aitv()])y diagram differs from that for complete ex- 
pansion in tlu' curtailment of linev 7-/7' and .V /> by constant-volume 
l)ressiire dro]) 2' ?, I’i^. ()9(). 


Example 108. — Sana' data and ie(piirenients 
as in i)r(‘cedinfi, (‘\ami)l(‘ ('xc('])t that ieleas(‘. 
occurs at. a piessiin* of 1 11). absolute. 

Solution. — I'rom steam tables: pi and as 
ill iirecediiifi; exam])l(‘, 

Pe - 4, ;v = 1005.7, (p = 120.9, 0^ --- 0.2198, 
ip — l.ttllO, .So 90.5, 

0^ 

OCc ^ 

fic 

0.9S X 1.103 -f 0.4S77 - 0.21 98 
1. tit 10 

= 0.822. 

Vc = = 0.S22 X 90.5 

- 74.4. 

lie = ^rp'c + Qe 

= 0.S22 X 1005.7 + 120.9 
= 947.0. 

/7j = 1171.2 (same as in preceding; example). 



Eiitrcipi 


Faa (iOO, Tt'rujHTjiture-en- 
tropy Diiij^rain; Perfect 
EiigiiKi, iniiikmo (^ycle 
vvilli lii(*()iiij)l(‘te lOxpan- 
Sl,('ain Dry at Cut- 
otT. 


Efficiency 




U'. - JIc + .1 (1\ - I\) Vc 
if, - <i2 

1 171.2 - !)47.fi + a - 1) 74.4 
" '1171.2 - 09.8 


_ 1171.2 - (»47.() + 41 _ 2(14. (j 
f 17V.2 - (19.8 “ i 1 01 .4 

= 0.24 = 24 jM'r ccoit. 


Water rate = 


2.’)47 

204.0 


= 9.02 lb. ijer hp-hr. 


398. Kankine Cycle with Rectangnlar PV-Dlagram. — This cycle is 
the least efficient of all vapor cycles in practical use but represents the 
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action of the fluid in direcit-actinp; steam pumps, direct-acting air com- 
pressors and engines taking steam full stroke. It may be looked upon 
as a limiting case of the Ilankiiie cycle. From Fig. 097 it is apparent 
that 



( 

) 


1 

1 

Preseure 

L_ 




'i 



3 

1 

J 


1 

0 

1 

t 



■:>> 

i ^ 


Volumo 

Via. ()97. 


Ffliciency = 
W'atca- i\‘ite = 


Work done = A (Pi — P 2 ) v 
B.t.u. (420) 
For wot steam, v = Xi 2 ii + ai = XiSi 
(for most pur- 
poses) . 

For dry steam, v = — ai. 

For su])orheated steam, v = — (Ti. j 

Heat r(H“.eived is the same as that in the 
Hankine cycle \ 

= Hi - <In. \ 

A (J\ - A) 


Hi — <l« 

2:ai 


A (J\ - I\) V 


(421) 

(422) 


Example 109. — A jM'rlV'cl. diroct-aclinp: steam ]ninip o])eiating in the 
rcctan{;ular PV cycle lakes steam at initial ))iessiu-(' IL") Ih. per stp in. 
absolute, (quality 1)8 p(M' cent and exhaust against a back prtissure of 15 
lb. absolute. UcHiuired th(‘ work done ])or lb. of fluid, efficiency and 
the water rate. 

Solution. — From steam tables: 

p, = 11.5, .s‘, = 3.88, Ih = 1188.8, 

IH = 1.5, qn = </- = 181.0. 

Heat converted into woik = A (Pi — PA Ji-si 

= m (115 - 15) 0.98 X 3.88 
= 70.4 B.t.u. 

70 4 

Efficu'iicy = T 1 oo u • _ 1 on = b 07 approx. = 7 per cent. 

J l LJO.S ISO 

2*147 

Water rate = = 36 lb. per hp-hr! 


399. Conventional Diagram. — Tn designing an engine it is customary 
to assume as a basis of reference an ideal cycle which considers only the 
kinetic action of the steam in the cylinder. This iiermits of analysis 
without the use of steam tables. The expansion is assumed to be hyper- 
bolic because the e(iuilateral hyperbola is readily constructed and because 
expansion in the actual engine conforms approximately to the law Py” 
= C (see paragraph 393). According to the 1915 A.S.M.E. Code the 
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ideal engine is assumed to have no clearance and no losses through wire- 
drawing during admission or release. The initial pressure is that of the 
boiler and the back pressure that of the atmosphere for a non-condensing 
engine, and of the condeiisor for a condensing engine. Such a diagram 
for a simple non-condensing engine is illustrated in Fig. (398. 0-1 repre- 



sents admission at constant ])ressure /^, 1- .2 rein esents hy])erbolic ex- 
pansion from cut-off 1 to release at and 2-3 ic^pjesents exhaust at 
atmospliei'ic pressure /\>. 

The work done is represcMited by the 


area 0123 = area Olfd + area 12(if — area 32(jd^ 
area Olfd = P\V\, 

area 12(jf = P\Vi logr^ (see paragraph 393), 
area 32(id = Piih- 
Therefore net work done 


letting 


W = 




~ P‘lV2j 


~ = r = j atio of expansion, 


JF = PiVi (1 + logc r) -P 2 V 2 . 


Mean effective pressure P^ = 


area 0123 

V2 


= (1 + log, r) - P,. 


(423) 


(424) 


(425) 


As the in.o.p. is generally used in pounds per square inch, dividing 
both members of the ocpiation by 144 gives 


Pm = ^ (1 + log, r) — P 2 . 


(426) 
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Theoretical maximum horsepower = , (427) 

in which 

I = length of stroke, ft., 
a = artiii of piston, sq. in., 
n = num})er of working strokes. 

The ratio of the ni.e.i). of the actual engine to that of the ideal diagram 
as determined aliove is called the diagram factor. This factor is deter- 
mined by experiment and ranges as follows (Heat Pow(‘i’ Hngine(»ring, 
Hirshfeld and Jiarnard, 1915, ]>. 325): , 


Simple .slide-valve en^:im! .... ... . 55 to 90 per e.ent 

Siiujile Corliss (‘nj»:im‘ 85 to 90 “ 

Cornjioimd slide-valvt‘ engirio 55 to SO “ 

CoiniKniiHl (^irliss ciigim' 75 to 85 “ “ \ 

Triplc-cx|)ansion eiij^me . . 55 to 70 " “ \ 

The probable mean effective jrressure for the engine under consider- 
ation is 

M.e.p. = j)fn X diagram factor. (428) 


Example 110. — Determine the prolrable horsepower of a 12 iiuh X 
12 incdi simiile enghit*, 250 r.p.m., initial pressure 120 lb. per sq. in. abso- 
lute, cut off ] stroke, diagram factor 0.75. 


Solution. — Theoretical m.e.p. 

Probable a(d,ual m.e.p. 

Probjxble i.hp. 


= ^ p’ (1 + log, 4) - 15, 
= 50.53. 

= 50.53 X 0.75 - 42.4. 

_ 42.4 X 1 X 113 X 500 
33,000 

= 72.4 


400. Logarithmic Diagram. — It is a well-known fact that the equation 
of the polytropic curve Pv^ = C becomes a straight line when plotted 
on logarithmic cross-section pajier and the slojrc of the line is the value 
of n. Conversely, when the expansion or compression curve of an in- 
dicator becomes a straight line in the logarithmic; diagram it shows that 
the change of state is in accordance with the law Pv^ = C. The loga- 
rithmic diagram derived from the indi(;ator card is useful in analyzing 
cylinder performance and gives valiiabk; information whi(;h cannot be 
readily obtained oth(?rwisc. Tlius it has been demonstrated^ that the 
logarithmic diagram is of great assistance in 

^ A New Analysis of the Cylinder Performanee of Reciprocating Engines. J. Paul 
Clayton, Univ. of 111. Bull. No. 26, Vol. 9, May 6, 1912. 
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(1) Approximating clearance volume. 

(2) Locating the stroke positions of C 3 ^clic events. 

(3) Detecting leakage. 

(4) Approximating vsteam consumption. 

ConMruciion of he Logarithtnic Diagram. — If tlie clearance volume is 
given, the coristi'uction of tlie diagram is vciy simple. Draw the (clear- 
ance line OY and the absolute i)r(\ssure ^ 
line OX on the indicator diagram 
as illustrated in Fig. 099. Locate 
points Jj 3, ('tc. on the (Expansion 
line and tabulate the conesponding 
absolute pressures and volumes. For 
example, the pressure (‘orresponding 
to point 7 is J\ and its valu(^ is the 
length of the line 7^ multiplied by 
the scale of (he indicator spring. 

Similarly the volume coiTes])onding to i)oint 7 is /'i and its value is the 
length of the line z'l multiplied by constant m (= piston dis])lac(nnent 
per stroke in (‘u. ft. divided by the length of the card I measur(‘d in inch(’.s). 

Transfer these i)oints to 
logaritlmiitc cross-section 
I)aper as illustrated in Fig. 
700, using absolute pres- 
suivs in 11). tK*r s(t. in. as 
ordinatos and cu. ft. as 
abscissas. Repeat the oper- 
ation for the compression 
curve and draw a smooth 
line through the various 

jK)ints. d'he ratio ^ (meas- 
ured in inchc.s) will be the 
value of n for the expansion 

line and ^ = n for com- 



ef 


Fig. 700. Indicator Carr! — LoRanthmif' Di;xgrain. pressiOIl. 

Approximating Clearance 
Volume. — If expansion and compression vary substantially according 
to the law Pv^ = C the clearance volume may be approximated by 
trial and error. All that is necessary is to assume different values of 
clearance and to plot the logarithmic diagr’arn for each assumed value 
until the expansion or compression cmvc is a straight line. 
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Pio. 701. 


U.2 0 .:) 0.1 o.r) o.c 0.70.8 o.oi.o 

Absolute Volume - Cu. Ft. 

Logaritlimic Diagrams - • 12 bv 24 
( lorliss. 


Locating the Stroke Position of Cyclic Events. — Except with a few 
types of four-valve engines it is difficult and oftentimes impossible to 
locate the points of cut-off, release, and compression from the indicator 

diagram. If there is no 
leakage the true points 
may be located on the 
logarithmic diagram by 
noting when the expansion 
and compress on curves 
be(‘X)mc straight; see F'ig. 
700. 

Detecting Leakage. — Tlje 
law /V = C is applicabb 
only to cases where thfc 
weight of steam rcmains^ 
practically constant during 
change of state. When the 
W(5ight (‘Iianges materially 
as by leakage, the resulting 
ex])ansion and compression 
liiK^s on the logarithmic 
diagram depart from straight lines. This is clearly shown in Fig. 703. 

Approximating Steam Consxunption. — Acc^ording to Clayton (1) there 
is a definite relation 
existing between ((pial- 
ity at (;ut-off) and n in 
any one cylinder which is 
practically independent of 
cut-off position. (2) This 
relation is practically in- 
dependent of cylinder size 
and of engine speed; it 
is therefore applicable to 
other cylinders of the 
same type. (3) By means 
of the experimentally de- 
termined relations of 
and n, the value of Xc 
may be approximated 
from the average value of n obtained from the expansion curves of one 
set of indicator diagi-ams taken simultaneously; therefore the actual 
weight of steam present in one revolution may be approximated. 


)m 

P 










- 















- 


— 











r 


— 

> 











r 




- 


















r 

- 


— 

_t\ 






1 







L 



' 



D T.bI with iwturatod bteuiD 
□ Teal wltli Superhuted StoBm 
• Center ofgravltjr of nil points 
i^quntlon of oundltlonXirl S&Bn-Q. 



J 




.'850 0.900 O.OoO 1.000 1.050 1.100 1.150 1.1200 1.260 

Value of n from Expansion Curve 

Fkj. 702. Relation of Quality and the Value of n. 
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1 . ri — ^ 

applyiiip; t his »5 _ I . _ [ 
is only nccos- w »«'• - Nn - 



ol U.1 


(4) The actual steam consumption may be obtained by this method 
from the indicator diafpam to within an aA'orage of 4 per (*ent of 
test measurements. These statements apply strictly to non-jacketcd 
steam cylinders in good 

condition, exhausting at I 

or near atnios])heric pres- ^ i ~ — L=:::Lrrir t-!-i : - — 

sure. In 
method it 

sary to determine n as 
previously outlined and 
find from the curve in 
Fig. 702 the correspond- 
ing value of Xc. When 
the quality of steam at 
cut-off is known, the 
weight of fluid ])er st]ok(' 
can be nvidily calculated. 

It will be noted that tiie 
curve in Fig. 702 is only 
an averag(‘ a])pT'oxiination 
and that there is a con- 
siderable rang(^ in the 
values of Xc for a given value of n. By s(‘])ai a.ting the ])oints into 
groups of similar ])iessures and sp(‘eds, s('veral lines coordinating // and 
Xc may be obtained a,nd a gieaha* accuracy is possible. For a complete 
discussion of this imjrortant subject consult Clayton’s pa]^(‘]‘. 

401. Teniperaturo-Entropy Diagram. — If the actual indicator card is 
transferred to the temperature-enti’opy chart the various heat exchanges 

during exi)ansion and compression 
may be seen at a glance. The 

area repr(‘sent('d by the a(;tual 
diagi’am, however, does not give 
the heat utilized in doing work, 

since th(' weight of steam is not 
constant throughout the cycle. 
From cut-off to release the weight 
is constant if there is no leakage, 
as is the case from beginning of 
compression to admission, but the weights involved in each case are 
not the same. Therefore, only the expansion line shows the true 
behavior of all the steam used per cycle and the rest of the diagram 
is more or less conventional. The transfer of the pressme-volume 


L :! 0.. ii.i ;.'.y j.u 

Abboluie Volume -Cu. Ft. 

7(U Dijigmin from m 1 l-m hy ,‘-{5-111. (’orlish 
Kiigiiic, Sliowmg Lcakiigr, at Jf(‘gmmng ai'ii Fnii 
of Ex})ji.n.si()Ti and ( 'omiirc'ssioii. 



Fig. 704 . 
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to the temperature-entropy diagram is best illustrated by a specific 
example. 


Example 111. — (-urvc 0123, Fig. 704, is an average indicator card 
taken from a 12 X 12 engine running at 300 r.p.ni.; clearance volume 
10 per cent; steam consumj)tion by tests 2700 lb. per hr. Transfer the 
indicator card to temperature-entropy chart. 

Solution. — Lo(;at(! the zero clearance line OY and zero i)rcssure lines 
OX, and measure the diagram as indicated. The piston displacement per 

. . 3.14X12- 

stroke = , . == 0.785 cu. ft. 

144 X 4 

Compression volume = 0.785^- = 0.314 cu. ft. j 

Weight of “ cushion steam ” on the assumption that the steam is dt^y 
at the beginning of compression 

= 0.314 X 0.0498 = 0.0ir)() lb. 


(0.0498 = wt. of 1 cu. ft. of steam at 20 lb. abs. pressure.) 
Weight of steam used per stroke or “ cylinder feed '' 


(>()() X ()0 


= 0.075 lb. 



Total weight of steam expanding = 0.075 -|- 0.01 50 = 0.09 lb. 

Lay off saturation line mm. This line reju’esents the volume of 0.09 
lb. of saturated steam for the various pressures within the range of the 
diagram. 

Draw several pressure lines such as abc and tabulate the ratio — • This 

ac 

ratio gives the quality of the steam at point h in the expansion curve 

represents quality only dxiring expansion 

after cut-off and that it is simply a ratio for other parts of the cycle. 

Tabulate also the absolute temperature cor- 
rcs]:)Oiiding to the pr(;ssure under consideration. 
Next construct the water and saturation 
curves ww and .s.s, respectively, as illustrated 
in Fig. 705. This may be done conveniently 
by using absolute tempe^rattires and entropies 
of water and vapor given in steam tables, 
the entropies being multiplied by 0.09. Locate 
jxoint h' on the correspondmg temperature line 

in such a position that rates ^ obtained 

a c ac 

^ from the indicator card. The locus of the 
jPjQ^ 705 . point h' will be the desired diagram. The 

thermal action during actual expansion is 
apparent from the diagram; thus it will be seen by inspection that the 
steam is wet at cut-off, that condensation takes place from 1 to 2^ 



\ac s ) 


Note that 
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more rapidly than if expansion were adiabatic, and that reevaporatioii 
takes place from 6' to 

The foregoing analysis ap})li(\s only to saturated oi“ wet st('ani. In 
case of superheat the actual expansion will lu' beyond the saturation 

curve as illustrated in Fig. 700 and the ratio -- = — will not give the 

ac ,s‘ 

quality. To find the teiu])era1ure corres]K)iidiiig to v' multiply .v, the 
speciftc voluiiui of oiu' ]K)mul o! saturated steam at pressure by the 

ratio — as mcasurc(^l from tlu' tliagiam. From superheated steam tables 

or by means of equation (311) determine the temi)eratiirc corresponding 

to volume « X — and pressure P. To transfer the point b to the tempera- 

ture-fnitro])y diagram tlraw the temjxa-ature line T' coin's] )onding to that 
just determined and locate ])oinl 1/ 
on this line such that cl/ = total 
entropy for inessun' P and tempera- 
ture T'. The total ontrojiy may be 
taken from sujierlu'ated steam tables 

Y 


/ 

w 


I'ic. TOC) Fkj. 707. 

or it may be calculated from e(]uati()n (312). For tlui problem under 
consideration the ('iitrojiy thus obtained must be njulti])lied by 0.09, the 
weight of fluid expanding per cycle. The locus of the point h' will be the 
desired diagram. 

iO/S. steam Account€*d for by Indicator Diagrams at Points near Cut- 
off and Release. — The steam a(*c()unted for, expressed in pounds per 
i.hp. per hour, may readily be found by using the equation 

- ( " + ( 429 ) 

in which 

m.e.p. = mean effective pressure, 

C = proportion of direct stroke (iompleted at points on expansion 
line near cut-off or release, 

E = proportion of clearance, 
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H = proportion of return stroke uncompleted at point on com- 
pression line just after exhaust closure, 

Wc = weight of 1 cu. ft. steam at pressure shown at cut-off or re- 
lease point, 

Wh = weight of 1 cu. ft. steam at pressure shown at compression 
point. 



RolenBO 


Atiuonphoric Liuu 

Fi«. 70S. Points where “ Steam Ae- 
counted for by Indicator” is Com- 
puted. 


The points near cut-ofT, release and compression referred to are in- 
dicated in Fig. 708. 

In multiple exiiansion engines the mean effective pressure to be used 
in the abov(i formula is the aggregate m.e.p. referred to the (ylinder^ 
under consideration. In a compound engine the aggregate m.e.p. for| 
the h-p. cylinder is the sum of the actual m.e.p. of the h-p. cylinder and 
that of th(5 1-p. cylinder multiplied by the cylinder ratio. Likewise the 

aggregate m.e.p. for the 1-p. cylinder 
is the simi of the actunl m.e.p. of 
the 1-p. cylinder and the m.e.p. of the 
h-p. (‘ylinder divided by the cylinder 
ratio. 

The relation between the weight of 
steam shown by the indicator at 
any point in the expansion line and 
the weight of the mixtures of steam 
and watc'r in the cylinder may be 
represented graphically by plotting on th(' diagram a satui’at.ed steam 
curve showing the t tal consumption per stioke (including steam retained 
at compression) and comparing the jibscissas of the (;urve with the 
abscissas of the expansion line, both measured from the line of no 
clearance. 

403. Reheating Cycle. — This cycle has been 
employed for years in c.om})ound engines in which a 
reheater-receiver is placed between the high- and 
low-pressure cylinders. In some of the new tur- 
bine projects it is proposed to superheat the 
exhaust from the high-pressure unit in an auxiliary 
superheater placed inside the boiler before dis- 
charging it into the low-pressure element. Th(i ideal 
temperature-entropy diagram for single-stage reheat- 
ing is shown in Fig. 709. The portion of the curve 
0123 is the same as for the Rankine cycle. From S the steam expands 
adiabatically to 4- At 4 it is reheated at constant pressure to some 
point By after which a second adiabatic expansion takes place from 5 to 



Fig. 709. Single-stage 
Reheating Cycle. 
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6. From ^ to 0 condensation of exhaust takes place at constant pressure 
just as in the Hankine cycle. The work done by a pound of steam in 
expanding to the reheating point 4 — Jh, and in expanding from 

5 to 6 is f/5 — the initial heat supplied is 11^ — <70 and that during 
the process of reheating from ^ to /T, — 7/4. Total work done = Ih 

— 7/4 + 7/5 — 7/(,; total heat supplied = JI^ — Q'o + Ih " Jh, hence 


77, - II, + 775 - /fn 
773 — 77i + 77r, — ^0 


(429r/) . 


in which 


77 = heat eoiitent of the steam and q ~ heal content of the liquid 
B.t .u. i)er lb. above IV2 deg. fahr. for the state indicated by the 
sul)scny)t.. 


Example 112. - Calculate the efficiency of an ideal two-cylinder tiir- 
liine, initial alisolute pressure (>()() lb. gage, initial tempiTature 750 deg. 
falir., vacuum 1 in. abs., if the steam is exhausted from the high-press n re 
element at 1S5 lb. al)s. ])ressiire and is I'clieated to 750 deg. fahr. l)efore 
passing into the low-jiressun* (‘vlinder. 

Solution. — From steam fables 773 at 000 lb. and 750 deg. fahr. = 1378.7. 
From the M oilier diagram or by cjdc-ulation, II a, the heat content after 
adiabatic e.xiiatision from initial condition to 1S5 lb. i)ressure, is found 
to be 12‘17.(). I'Vom steam tables, 77fi, heat, content at 185 lb. pressure 
and 750 deg. teni])., is 1401.1. From the Mollier diagram or by calcula- 
tion, 77r„ the h(‘at. contc'nt after adiabatic (expansion from 185 lb. pressure 
and 750 deg. temp, to a back pressure of 1 im of mercury is found to bo 
041.5. From steam tal)les, 7,,, e.oi'r(‘s])onding to 1 in. of menjury, is 47. 
Substituting these value's in (Mpiation (120n) and solving 


Es = 


1737.8 


1737.8 


247.0 H- 1401.1 - 041.5 

= 0.308 or 30.8 per cent. 


1247.() -f- 1401.1 - 47 

Figure 710 gives the t.emi)erature-entropy 
diagram for the two-stage reheating cycle. 

A glance at the curves in Fig. 328 will 
show that there is an appreciable gain in 
the efficiency of ^he two-stage cy(i(^ over the 
one-stage, but beyond two stages very little 
gain may be etiect(*d. 

Reheating in Central Stations: Wohlcnberg, Trans. 

A.S.M.E., Vol. 45, 1923. 

High Presfiitre Reheating and Regenerating foi Steam 
Power Plants: Hir.shfeld and EUcnw'ood, Trans. .-V.S.M.H, Vol. 4.5. 1023. 



Fir;. 710. Two-stage Reheat- 
ing (’vein. 


The Benson super-pressure plant, while operating in the reheating 
cycle, differs from the conventional reheating plant in that steam is genes- 



988 


STEAM POWER PLANT ENGINEERING 


ated at the critical point (prerfsurc 3200 lb. abs., temperature 706 deg. 
fahr.), throttled to 1500 lb. abs., reheated to a temixirature of about 
788 deg. fahr., and then passed through a high-pressure turbine exhausting 
at 200-lb. pressure. The exhaust is next reheated to about 662 deg. fahr. 
and then expanded in a standard turbine and condenser to a back pres- 
sure of 1-in. abs. The throttling process involves no heat loss and per- 
mits steam to be generated without boiling. This permits the use of small 
tubes without steam dnims or chambers. ''Jlie maximum thermal effi- 
ciency of a unit operating under th(' conditions specified above is about 
42.5 per cent, assuming the values for the properties of steam as given 
in Marks and Davis’ Steam Tables. C'alcailations for efficiency are the 
same as in the single-stage reheating cycle, equation (420a). j 

The Bennori Super-pressure Plaid: I'ower, May 22, 1923, p. 79(); May 29, 1923, p. 842.^ 


404. Regenerative Cycle.s. — In these cycles the condensate from the 
prime mover is passed through a scries of fin'd wat-ei‘ h(\at,crs, the heating 
medium in which is steam bled from diffinent pressure stages of the tur- 
bine or engine. With an infinite nundx'r of heaters the feedwater could 
be brought up to boiler temperature and thi' efficiimcy would l)e that of 
the Carnot cycle, as shown in i)aragra])h 305. This is trui' only for satu- 
rated steam, since witli suixnheal-ed steam the 
/ maxijnum Iheoi-oliinil temperature of the con- 

\L \/i den sate can nev(;r exceed that of saturated 

/ \ sti'am corresponding to steam at initial or 

/ \ throttle conditions and therefore the efficiency 

o/i / \ will be less than that of the C-arnot cycle. 

r/i I ^ i Figure 711 shows the temixTature-entropy 

I i I diagram of an id(*al regenerative cycle with 

; : I ; infinite number of stages in which the maximum 

^ temperature of the feedwater is taken as that 
Fig. 711. RcgcncTativo liquid at a pressure, corresponding to the 

^ }wint in the expansion line where saturation begins, 

or in other words where superheat disappears, in this particular cycle, 
therefore, no superheated steam is bled. The line 07^,5-^ is the same as in 
the conventional Rankine cycle. Point 4 if^ Iht' saturation point in the 
expansion line and represents the initial bleeding point-. If the steam bled 
and that remaining in the turbine arc mixed together the line J^5 repre- 
sents the condition of the mixture in passing from point 1^. to the condenser. 
The line 50 repr(\sents the rejection of heat to the condenser. The line J^5 
is drawn parallel to 08 since the heat absorbed by the condensate oOSb is 
equal to that absorbed from the bled steam The heat converted to 

work is represented by the area 012SJi5 = area (i0123d — area aOS4d + 
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area 75^6^ (= area 0S4o), or, //, - Ih -f (T, - T,) (N, - 6,). Tlie net 
heat supplied = area hlS1234oc, = JU — § 4 . Therefore the cfficieney of 
the cycle is 


Eff. = 


Ih - Jh + ( r, - To) (N, - 0,) 
fh — (Ji 


(42%) 


in which 


H = heat content of the steam, q = heat content of the liquid, 
T = absolute teinperatUM',, A' = total entropy, .-uid d = entropy 
of the liquid for the state indicated by the subscript. 


Example 113. — Calculate the thermal efficiency of a turbine working 
in the iileal regenerative cycle described above, if th(' conditions are as 
follows: initial ])i‘(‘ssure, (>()() 11). abs.; initial temperature, 750 deg. 
fahr.; back iircssure, i in. mercury abs. 

Solution. — Fi'om steam tables, //.{ at OOO lb. abs. and 750 deg. fahr. 
= 1378.7 B.t.u. ])erlb.; //i, the heat content after e\'])anding adialmtic- 
ally from 3 to 4, is found from the Alollier diagram oi- by calculation 
to be 1187,3, corresponding to a pressure of 94 lb. abs. I'Vom steam 
tables, Ti = 323.3 + 4()0 - 783.3; To = 79 + 400 = 539; at 000 lbs. 
and 750 d('g. fahr. = 1.0094; 0^ at 94 lb. abs. = 0.4077; q^ = 293.3; 
qo = 47. 


Substituting these values in e(piation (4295), and reducing, we have 

1378.7 - 1187.3 (783.3 - 539) (1.0094 - 0.4077) 

1378.7 - 29;U 
or 13.3 ])er cent. 


Eff. 


^ = 0.433, 


Figure 712 shows the t-einpcratm’C-(;ntroi)y diagram of an ideal re- 
generative cycle with infinite number of stages, in 
which the maximum temperatiire of the fc(‘d water 
is taken as that of th(^ licpiid at throttle conditions, 
i.e., with steam initially sui)erheated some of the 
bled steam will also b(^ su] )ei-heated. The cquatic)n 
for efficiency is the same as that of the precMuliiig 
cycle; since the u ily difference lies in the point at 
which bleeding takes place*. 

Example 114. — Using the data in Example 113, 
calculate the efficic'iicy of the turbine when working 
on the above cycle. Fio. 712. Regenerative 

Solution. — //s = 1378.7, as previously deter- 
mined; Hi, the heat contemt after expanding adiabatically from 3 to 
4 = Ih + Ti (Ns — Ni). From steam tables lU and at 600 lb. and 




ddo 


STEAM POWER PLANT ENGINEERING 


saturation = 1199.8 and 1.4414, respectively; Ti = 486.5 + 400 = 946.5; 
To = 79 + 460 = 539; iVa = 1.6094; flo = 0.6679; 94 = 468; 9„ = 47. 

Hi = 1199.8 + 946.5 (1.6094 - 1.4414) = 1358.8 

Substituting these values in equation (4295) and l educing, we have 

1378.7 - 13.58.8 + (946.5 - 539) (1.6094 - 0.6679) 

137 87 - ^ - 468 = 

or 44.3 per cent. 

It is impractical, from a constructive and operative standpoint, to have 
more than, say, three or four bleeding stages; therefon*., the ideal cycles 
previously analyzed are of purely academic vahu*. It is a c.oinparativel 3 f 
simi)le matter to establish an ideal regenerative (jycle for one or niorci 
stag(^s which can be closely paralleled in practice. The eflficicncy of a\ 
single-stage cycle is readily (;alculated as follows: 

Let Hi = heat content at throttle conditions, B.t.u. per lb. 

H 2 = heat content of the steam at tlici extrac^tion point, after 
adiabatic cxi)ansion from throttki (londitions. 

Hn = heat content of the steam at exhaust pressure after 
expanding adiabatically from throttle conditions. 
w = weight of steam bled, lb. per lb. of condensate. 
q 2 , qn = heat of the liquid at bleeder and exhaust pressure, 
respectively. 

Then, the work done by w lbs, of the bled steam = (7/i — H 2 )w and 

W = ( q 2 - Qn ) -7- (7/2 - ^^2). 

Work done per 1 lb. of condensate = //i — II 

Heat added to (1 + w) lb. of steam = {1 w) {Ih — q 2 ). 

{Ill - H„)+ w(Hi - Ih) 


Eff. = 


(1 + w) {Hi - 72 ) 


(429c) 


Example 116. — Using the data in Example 113, calculate the effi- 
ciency of a single-stage bleeder turbine if the steam is bled at the 25 lb. 
abs. stage. • 

Solution. — Hi = 1378.7 as previously determined. H 2 for an adia- 
batic drop from 600 lb. abs. and 750 de'.g. fahr. to 25 lb. abs. = 108.6. 
Hn for an adiabatic drop from 600 lb. abs. and 750 deg. fahr. = 864. 
From steam tables q 2 = 208, = 47. Then, w = (208 — 47) (1086 
— 208) = 0.182. Substituting these values in equation (429c) and solving 

T 74 r _ (1378.7 - 864) -h 0.182 (1378.7 - 1086) _ ^ 

1.182 (1378.7 - 208) 


Any number of stages may be analyzed in a similar manner. 
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This ideal efruaency cannot, bo realized in the actual single-bleeder 
stage turbine because of th(' lurl>ine and generator losses^ and the pres- 
sure droi)s and heat losses in the heater. 

A Study of Steam Poirer Plant ('lyles Hirshf<*l(| jiiul Idloiiwootl, Power I’JaiO Engrg., 
Dec. ir,, Vm, 1 ). 1214; Trans. A.S M.E., Vol. 45, ItLM. 

Ecouornie Pharaetei {ittirn of Staye Feedwater II eat my hy Kxtraetiou ■ Brown and llitwry, 
Mech. Engrg., Mar., B)2l, j). MS; Trans. A.S M.E., Vol. 45, B>2;; 

Feedwater Heating for High Thennal Ejheiency: llelandcr, Trans A.S.M.E., Vol, 
44, 192;{, p. 1055. 

The Vommereial Eeonomy of High Presmtre and High Siipeiheat m the Centiid Station: 
Orrok, Trans. A.S.M.J'] , Vol 41, 1022, p. IIP). 

The Inereane in Thennal Efheieney Due to Reanperheating in Steam Tin bines. Blowney 
and Warren, Trans. A.S.M.E., Vol. 40, 1024. 

405. Combined Reheaier-Regenerativo Cycle. — In some of the latest 
lurl)ine projects it isjnoposed to u.se mulli-cviinder turbines with reheating 
betw(‘en cylinders and bleeding in the low-])ressure (“ylind(‘r. The thermal 
■efficiency may be calculated by taking (iach sU'p in the cycle and analyzing 
as outlined above. 

The 5(),000-kw. Parson turbine at the Crawford Avenue Station of the 
C Vwnmonwealtli Edison Co., Chicago, 111., is a notable example of the com- 
bined reheater-regen{'rati\e cycle. The turbiiuj is a lEcylindc'r unit and 
operates as follows: steam is g(Mierat(‘d at bOO lb. gage pr(\ssuro, tempera- 
ture 750 (leg. fahr. and is supplied to the high j)ressure unit at a pressure 
of 550 lb. gage. It. leaves the high-pjvssure cylinder at a, ])ressure of 100 
lb. gage and is ivlieated to 700 d(‘g. fahr. before (‘nteiing tiie intermediate 
cylind('r. Aft(a’ leaving the latter at a prc'ssure of 2 lb. gage, it enters the 
low-prcssui‘e cylindei' and is (‘xhaust(‘d int-o tin* condcnsc'r at a vacuum of 
29.25 in. of Hg. About 22 per cent of the total heat ent.t'ring the turbine 
is extracted at three points and raises the tem])erature of the fe(Mlwater 
from ()5 to 315 deg. fahr. A heat consumption of 10,2()5 B.t.u. per kw-hr. 
is expect(‘d, corresponding to a thermal efficiency (steam to electricity) of 
33.2 per cent. 



CHAPTER XXIV. — Supplementary 


PROPERTIES OF AIR. — DRY, SATURATED, AND PARTIALLY SATURATED 

406. General. — Tables and charts givinp; the siiimltancoiis physical 
and thermal propei tics of dry and saturated air for various temperaturt'S 
are of great assistance in solving problems relative to the design a|id 
performance of (evaporative surfacee condensers, wat('r-cooling apparatus 
and air-conditioning devi(j(\s. 'liable 138 giv(‘s the proi)cities of dry and 
saturated air for various tempera! uivs ranging from 0 to 212 deg. fahr. 
and Figs. 713 and 714 give a complete psychrom(‘tri(‘ chart for all con^ 
ditions of dry, saturated, and partially satiu'ated air within a temperature 
range of 20 to 350 deg. fahr. These charts are extremely usteful in avoid- 
ing laborious calculations. 

407. Dry Air. — Th(' physical and thermal j)r()perties of dry air as used 
in these tables and chait.s ai'(‘ bascnl on the following laws (\stablishcd by 
the latest experiments with gases and vapors: 

(430) 

(431) 

(432) 


~ ^ = (joiistaiit — 0.754, 

Cpa = 0.2411 + 0.0000045 (U + /^), 
Ila — (^2 ~ fl), 


in which 

Pa = absolute pressure of the dry air, in. of mercury, 

Va = volume of 1 lb. of diy air, cu. ft., 

Ta = absolute temperature of the aii*, deg. fahr., 

Cpa = mean specific heat of air at constant pressure between tempera- 
tures b and b, 

Ha = heat content, B.t.u. per lb. of air above temperature b, 
b = initial temperature, deg. fahr., 

U = final temperature, deg. fahr. 

A sample calculation of the properties of dry air as listed in Table 
138 is given in Example 116. 

Example 116. — Recpiired the specific volume and density of dry air 
at 100 deg. fahr. unde]- standard atmospheric pressure (= 29.92 in.). 
Required also the heat content per lb. above 0 deg. fahr. 
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TABLE 138. 

PROPERTIES OF SVTrRATET") AIR. (Rivrnmotor 20,921.) 


Mixture of Air Siituniteil with W:iler Vapor 


Terripe,ra- 
ture. Do- 
green 
Fahr. 

IVeiglil. of 
loot) Cu. I''( 
ijf Dry Air, 
I’tminln 

i 

1 \nluriiec)r 
i 1 )ne I.l). of 
' Dry \ir, 

1 Cu Ft. 

j 

1 KliintlC 

15 II Of of 
\ 1 11 
of VI et- 
<■111 \ * 

T'^untie Foreo 
of the Drj \ii 
in the M IX 1 ini', 
111 of M<*i- 

fiirj . 

Well'll 

Weiglil of 
the Dr\ 
\ir, ( 'on- 
lent 

C. 

t Ilf IWM) Cu. 

Weiglil of 
t III' Viijior, 
('oiitiMit • 

7 

Ft., Lb. 

Tntiil 
Weight of 
t,lie Mix- 
t urn 

K 

1 

2 


1 

0 

SO 35 

11 .58 

0 0.37 

29 SS 

SO 23 

0 0()7 

SO 90 

10 

iS 1 ,53 

11 S3 

0 003 

29 S5 

84 31 

0 110 

84 42 

20 

.S2 71 

12 09 

0 103 

29 SI 

82 1 1 

0 177 

82 62 

30 

SI 01 

12 31 

0 105 

29 70 

.80,02 

0 278 

SO 90 

32 

SO 71 

12 39 

0 ISl 

29 71 

.SO 21 

0 303 

SO 54 

3.5 

SO 19 

12 17 

0 203. 

29 72 

79 70 

0 310 

SO. 04 

40 

79 13 

12 .59 

; 0 2 IS 

29 07 

78 77 

0 410 

79 IS 

45 

7S 01 

12 72 

0 300 

29 02 

77 SO 

0 492 

78 35 

50 

77 SS 

12 SI 

0 .102 

29 .50 

76 91 

0 5S8 

77 ,53 

ih) 

77 10 

12 97 

0 130 

29. I S 

75 98 

0 099 

76 08 

(iO 

70 .33 

13 10 

0 .521 

29 10 

75 05 

0 823 

75 8.S 

02 

70 01 

13 1.5 

0 .500 

29 30 

71 00 

0 887 

75 54 

()5 

75 01 

13 22 

0 022 

29 .30 

71 OS 

0 979 

75 06 

70 

74 91 

13 3.5 

1 0 7.39 

29 IS 

7.3 08 

1 153 

71 23 

72 

74 03 

1.3 10 

1 0 790 

29 13 

72 08 

1 229 

73 90 

75 

71 21 

13 IS 

0 87 1 

29 05 

72 OS 

1 .3.52 

73 '12 

SO 

73 53 

13 00 

1 031 

28 89 

71 01 

1 580 

72 .59 

S5 

72 s:{ 

13 73 

1 212 

2S 71 

09 92 

1 .841 

71,76 

90 

72 15 

1.3 SO 

1 121 

28 .50 

OS 78 

2 1,37 

70 92 

05 

71 .53 

13 9S 

1 0.59 

28 20 

07 .59 

2 474 

70 06 

KM) 

70 87 

11 11 

1 931 

27 99 

00 .33 

2 8.55 

09 19 

105 

70 22 

11 21 

1 2 241 

27 09 

(i5 05 

.3 2S5 

68 33 

no 

09 0^ 

1 1 .30 ’ 

^ 2 .591 

27 .33 

0.3 04 

.3 709 

07 41 

115 

09 01 

14 19 i 

2 99.1 

2(i 93 

02 10 

4 ,312 

06.47 

120 

OS 40 

14 02 1 

3 441 

20 IS 

00 00 

4.920 

05 52 

125 

()7 SO 

14 75 ! 

3 952 

25 97 

,58 92 

5 .599 

04 52 

130 

fi7 20 

11 .SS 

1 .523 

25 30 

.57 14 

0 350 

03 .50 

135 

00 07 

1.5 00 1 

,5 103 

24 70 

,55 23 

7 187 

62 43 

140 

00 09 

1.5 13 i 

5 .S7S 

24 01 

.53 IS 

8,1.30 

01 31 

115 

()5 53 

1.5 20 

0 677 

23 25 

51 01 

9.100 

00 17 

1.50 

01 9S 

1.5 39 

7 50(> 

22 .35 

3S 03 

10 .30 

58 93 

1,55 

04 13 

15 52 

.S 55 1 

21 .37 

40. 12 

11 .56 

.57 68 

100 

0,3 9-1 , 

15 01 

9 049 

20 27 

4.3 .39 

12 94 

56 33 

105 

03 -1 1 

15 77 

10 SO 

19 Ofi 

40 -47 

14.45 

54.92 

170 

02 8!' 

15 90 

12 20 

17.72 

.37 33 

16 11 

53.44 

175 

02 40 

10 03 

13 07 

10 25 

3.3 90 

17.93 

.51.89 

180 

01.88 

10 10 

1.5 29 

1 1 (i3 

30 34 

19 91 

50 25 

185 

01 32 

10 2.S 

17 07 

12 .85 

26 44 

22 06 

48.. 50 

190 

00 94 

10 11 

19 01 

10 91 

22 20 

24.41 

46.67 

195 

00 01 

10 ,50 

21 14 

8 7S 

17 17 

20.96 

44.13 

200 

50 98 

10 07 

23 40 

6.46 

12 97 

29.72 

42 69 

205 

59 74 

10 74 

20.00 

3 92 

7.82 

32.71 

40 53 

210 

59 31 

16 86 

28 75 

1 17 

2 30 

35.94 

,38.24 

212 

59 10 

16.92 

29 92 

0 

0 

1 37. .32 

37.32 


Goodenough. 
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TABLE 138. — Continued 


Tempo! 11 - 
ture, I)e- 
grej-* Kahr. 

WcikI'L of 
Water Ner es 
sarv to Satu- 
rate 100 ].l> of 
Dry Air 

Volume of One 
Pound of J)i V Air 
-1- Vapor to Satu- 
rate it , Culiic Feet 

Heat Content 
per Pound of 
Dry Air, H.t.u 

Latent Heat of 
Vapor in One 
T.b of Dry Air 
Saturated w ith 
Vapor. H.t u. 

Heat Content of 
One Lb of Dry 
Air Saturated with 
Vapor. B.t.u. 

0 

0 07S 

11 59 

0 000 

0.964 

0.964 

10 

0 131 

11 KG 

2 411 

1 608 

4 019 

20 

0.214 

12.13 

4 823 

2 623 

7.446 

ao 

0 344 

12.41 

7.234 

4 195 

11 429 

32 

0 378 

12 47 

7.716 

4 058 

11 783 

35 

0.427 

12 55 

8 44 

4 57 

13 02 

40 

0.520 

12 70 

9 65 

5 5fi 

15 21 

45 

0 632 

12 85 

10 86 

() 73 

17.59 

50 

0 761 

13 00 

12.07 

8.12 

20.19 

55 

0 920 

13.1 i 

13 28 

9.76 

23.04 

60 

1 105 

13 33 

14.48 

11 69 

26 18 

62 

1 188 

13.40 

14 97 

12 12 

26 84 

65 

1.323 

13 50 

15 69 

13 96 

29 65 

70 

1 578 

13 69 

16 90 

16 61 

33 51 

72 

1 602 

13 76 

17 38 

17 79 

35.17 

75 

1 877 

13 88 

18 11 

19 71 

37.81 

80 

2 226 

14.09 

19 32 

23 31 

42.64 

85 

2 634 

14 31 

20 53 

27 51 

48.04 

90 

3 109 

14 55 

21.74 

32 39 

54.13 

05 

3.662 

14 80 

22 95 

38 06 

61.01 

100 

4 305 

15.08 

24 16 

44 63 

68 79 

105 

5 05 

15 39 

25 37 

52 26 

77.63 

no 

5 93 

15 73 

26 58 

61 11 

87.69 

115 

6 94 

16 10 

27 79 

71 40 

99 10 

120 

8 13 

16 52 

29 00 

83 37 

112 37 

125 

9.53 

16 99 

30.21 

97 33 

127 54 

130 

11 14 

17 53 

31 42 

113 64 

145 06 

135 

13.05 

18.13 

32 63 

132 71 

105.34 

140 

15.32 

18.84 

33 85 

155 37 

189 22 

145 

18.00 

19.64 

35 06 

182 05 

217 10 

.150 

21 22 

20.60 

36.27 

214.03 

250 30 

155 

25.11 

21 73 

37 48 

252.61 

290.10 

160 

29 87 

23.09 

38 69 

299.55 

338 20 

165 

35.77 

24 75 

39 91 

357 75 • 

397.70 

170 

43.24 

26.84 

41.12 

431.20 

472 30 

175 

52 90 

29 51 

42.33 

526 0 

568 30 

180 

65.77 

33 04 

43 55 

651 9 

695 50 

185 

83.59 

37.89 

44 76 

826.1 

870.90 

190 

109.80 

45 00 

45.97 



195 

191 00 

56 20 

47.20 



200 

229.50 

77.24 

48 40 



205 

419.00 


49.62 



210 



50.83 



212 




51.39 
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Solution. — From equation (430), 


29.92 X 
iOO -h 4r)9.(i 
Fa 

Bonsity = 


= 0.754, 

= 14.11 cu. ft. per lb. 
= 0.071 11). per cu. ft. 


From equation (-1 31), 

Cp, = 0.2411 + 0.0000045 (0 + 100) = 0.2410, 
ami from equation (432), 

lla = 0.2410 (100 - 0) = 24.10 B.t.u. per lb. 


408. Saturated Air. — Water, if placed in a vacuum chamber, will 
evaporate until the i)rc.s.<ure in the chamber has reached that t)f vapor 
corresponding to the' temperature of the wat.('r. If the wat('r is intro- 
duced into a chamber containing; dry air the evaporation will i)roceed 
precisely th(^ same' as in the vacaium until the pressure has risen by an 
amount correspondinfi; to the vapor pr(‘ssure for the temperature. In 
this case, according*; to Daltoji’s law (i)ara^raph 210) cacdi substance 
will exert the pressure it would if alone occupying the volume, and the 
final pressure will l)e th(' sum of that of the vai)or and that of the air. 
Air is said to b(^ saturated with moisture when it contains the saturaterl 
vapor of water. It inij^hi ])e bettt^r to say that the spa(!e is saturated 
since the ])res(a]C(' of air has no eff(H-t- on the vapor (the temperatures 
bein^ th(' sanu') oth(‘r than that the air retards the diffusion of water 
particles. Perfectly dry air does not exist in nature since evaporation 
of water from the (earth’s surface causes the atmosphere to be more or 
less dibit, ( m 1 with vapor. 

The weight of saturated water vapor per (ubic foot depends only on 
the tem})erature and not on the preseiKH' of air. 

Th(' various proptnties for air completely saturated with water vapor 
may be calculated by imnins of eipialions (430) to (432), and Dalton’s 
law, which may l)e expressed 

Pa + Pv = P, (433) 

in which 

Pa = absolute pressure of the dry air in the mixture, in. of mercury, 

= absolut(i pn^ssun* of saturated steam at the temperature of the 
mixture, in., 

P = total pressure, which for atmospheric conditions = 29.921. 
Therefore, 


Pa=P- n 


(434) 
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Pj, may be taken directly from steam tables. 
From equation (430), 


y = Fa 


0.754 Ta 

~P - Pv ' 


( 435 ) 


in which 

Ffl = volume of 1 lb. of dry air (plus vapor to saturate) at pressure 
Pa and absolute temperature Ta, 

V = volume of vapor in 1 lb. of dry air when saturated, cu. ft. 

Evidently Wa == -J- , 

1 a 

in which 


iVa — weight of dry air in 1 cu. ft. of saturated mixture. 

The weight, of vapor in 1 cu. ft. of saturated mixture is the density ' 
of saturated vapor at pressure and temperature This may be 
taken directly from steam tables. 

Total weight of mixture per cu. fi,. = w,, + w„. 

The weight, a>/, of vapor iiec-ossary to sat urate 1 lb. of dry air, 

Wy = VWy = VaWy. (430) 

Heat content IT, or total heat in a mix1,ur(‘ of 1 lb. of dry air satu- 
rated with water vapor, measured above 0 deg. fahr., and not including 
the heat of liquid, is 


IP — p pJa H~ 


(437) 


in which 

ta = tcmp(U’ature of th(' mixture, deg. fahr., 

= latent heat of saturated vapor at l-einperatui'e and pressure Py. 

An application of theses formulas to the. (aikailation of the various 
quantities in Table 138 for a temperature of 100 deg. Jahr. is given in 
Example 117. 

Example 117. — Reejuired the following f)ro])erties of atmospheric air 
completely saturated with watcir vajxn when the temperature of the 
mixture is 100 deg. fahr.: Elastic force or pressun* of the vapor and of 
the dry air in the mixture, volmne of 1 lb. of dry air plus vapor to saturate 
it, weight of dry air and vapor in 1000 cu. ft. of mixture, weight of water 
necessary to saturate 100 lb. of dry air, latent heat of the vapor content 
of 1 lb. of mixture and the heat content of 1 lb. of dry air saturated with 
vapor. 
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6, From 6 to 0 condensation of exhaust takes place at constant pressure 
just as in the Rankin e cycle. The work done by a j)Ound of steam in 
expanding to the reheating point 4 is f/3 — Ihy and in expanding from 
5 to 6 is 7/5 — Uq] the initial heat supplied is — qo and that during 
the process of reheating from i to />, — 7/4. Total work done = Ih 

— 7/4 + 775 — 77(,; total heat supplied = 773 “0^0+ Ih “ fhj hence 


in which 


Eff. - 


77, - 7/, 775 - Ih 

ih — 77 1 4- 7 7r, — r/o 


(429n) 


77 = heat content of the steam and q = heat content of the liquid 
B.t .u. i)er 11). above ^2 deg. fahr. for the state indicated by the 
sulxscript. 


Example 112. - t'alculate the efficiency of an ideal two-cylinder tur- 
bine, initial absolute pressure bOO lb. gage, initial temperature 77)0 deg. 
falir., vacuum 1 in. abs., if the steam is exhausted from the high-pressure 
element at 1S5 lb. al)s. ])ressure and is reheated to 750 deg. fahr. l)efore 
passing into the low-pressur(' (‘vli rider. 

Solution. — Fromstca,m (ables 77, at (>00 lb. and 750 deg. fahr. = 1378.7. 
From the M oilier diagram or by cahailatioii, Ih, the heat content after 
adiabatic exijansion from initial condition to 185 lb. jiressure, is found 
to be 1247.(). I'Vom steam tables, Ih,, heat content at 185 lb. pressure 
and 750 deg. teni])., is 1401.1. From the Mollier diagram or by calcula- 
tion, 77r,, the luxit contimt after a,diabatic (expansion from 185 lb. pressure 
and 750 deg. temi). to a back pi'essure of 1 in. of mercury is found to be 
941.5. From steam tables, f/n, corr(*s]M)nding to 1 in. of mercury, is 47. 
Su))stituting th(\se valiuvs in (upiation (I29(i) and solving 


1737.8 - 


1247.(i + 1401.1 - i»41 . 5 


Figure 710 gives th<^ temirerature-entrofry 
diagram for the two-stage reheating cycle. 

A glance at the curves in Fig. 328 will 
show that there is an appreciable gain in 
the efficiency of ^he two-stage cycles over the 
one-stage, but Ijeyond two stages very little 
gain may be etiectiil. 

Reheating in Central Stations: Wohlenberg, Trans. 

A.S.M.E., Vol. 45, 1023. 

High Pressure Reheating and Regenerating fat Slean 
Power Plants: Hirshfeld and Elk*nwa)()d, Trans. A.S.M.E., Vol. 45, 1023. 



Two-stage Reheat- 
ing (-vein. 


The Benson super-pressure plant, while operating in the reheating 
cycle, differs from the conventional reheating plant in that steam is gene?- 
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ated at the critical point (prerfsurc 3200 lb. abs., temperature 706 deg. 
fahr.), throttled to 1500 lb. abs., reheated to a tcmi>erature of about 
788 deg. fahr., and then passed through a high-pressure turbine exhausting 
at 200-lb. pressure. The exhaust is next reheated to about 662 deg. fahr. 
and then expanded in a standard turbine and condenser to a back pres- 
sure of l-iii. abs. The throttling process involves no heat loss and per- 
]nits steam to be generated wit haul boiling. This permits the use of small 
tubes without steam drums or chambers. Thv. maximum thermal effi- 
ciency of a unit operating under th(' conditions specified above is about 
42.5 per cent, assuming the values for the properties of steam as given 
in Marks and Davis’ Steam Tables. Calc.ulations foi‘ efficiency are the 
same as in the singlc-stag(^ reheating cycle, equation (429a). j 

The Bentton Super-pressure Plant: Power, May 22, 1923, p. 79(); May 29, 1923, p. 842.\ 

404. Regenerative Cycles. — In these cycles the condensate from the 
prime mover is passed through a series of fec'dwater* h(\at.ers, the heating 
medium in which is steam bled fixjiri different, pressure stages of the tur- 
bine or engine. With an infinite number of heaters the feec [water could 
be brought uj) to boiler temperature and th(' effichmey would be that of 
the Carnot cycle, as shown in ])aragra])h 395. This is true only for satu- 
^ rated steam, since with sui)erheat>ed steam the 
maximum theoretic^al temperature of the con- 
densate can never ex(*.eed that of saturated 
steam corresponding to st(^am at initial or 
^ throttle conditions and therefore the efficiency 
^ Avill be less than that of the C'arnot cycle. 
Figure 711 shows the temi)(n*ature-eritropy 
diagram of aj) id(»al regenerative cycle with 
infinite number of stages in which the maximum 
temperature of the feedwater is taken as that 
Fict. 711.^ RcgoncTativo liquid at a pressure, corresponding to the 

i:)oint in the expansion line wluire saturation begins, 
or in other words where superheat disappears. In this particular cycle, 
therefore, no superheated steam is bled. The line the same as in 

the conventional Rankine cycle. Point 4 is the saturation point in the 
expansion line and represents the initial bleeding point.. If the steam bled 
and that remaining in the turbine are mixed together the line 4^ repre- 
sents the condition of the mixture in i)assing from point 4 f o the condenser. 
The line 50 represents the rejection of heat to the condenser. The line 4^ 
is drawn parallel to 08 since the heat absorbed by the condensate o08h is 
equal to that absorbed from the bled steam c54d‘ The heat converted to 
work is represented by the area 012345 = area a0123d — area Q084d + 
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area 78^6 (= area 0845), or, II, - Ih + {1\ - To) (.Va - 0,). The net 
heat supplied = area h7SLId4oc = H, — ^4. Therefore the efficiency of 
the cycle is 


Eff. - 


Ih - 1h + (T, - To) (N, - 0,) 

11, — (j\ 


(42%) 


in which 

H = heat content, of the steam, q = heat content of the liquid, 
T = absolute temperatuKi, A" = total (Mil ropy, and 0 — entropy 
of the liquid for the state iiid'(‘.at(Hl by the subscript. 

Example 113. — Calculate tlie thermal efficicMicy of a turbine working 
in the ideal regeneiativc^ cycle di^scribed above, if tlu' conditions arc as 
follows: Initial ]n(‘ssure, tiOO lb. abs.; initial temperature, 750 deg. 
fahr.; back jiressure, I in. mercury abs. 

Solution. — From steam tables, IJ, at OOO lb. abs. and 750 d(^g. fahr. 
= 1378.7 B.t.u. iierlb.; //i, the h(\*it con t(Mit aft (M’ expanding adiabatic- 
ally fnnri 3 to 4 , i« found from the Alollier diagram or by (ailculation 
to be 1187,3, corres])onding to a [iressure of 94 lb. abs. hVoin steam 
tables, = 323.3 + 4()0 - 783.3; To = 79 + 4()0 = 539; N, at 000 lbs. 
and 750 d(‘g. falir. - l.()094; at 94 lb. abs. = 0.4()77; q 4 = 293.3; 
qo = 47. 

Substituting these values in e(|uation (4296), and reducing, we have 

1378.7 - 1187.3 + (783.3 - 53t)) (1.0094 - 0.4677) ^ ,,, 

= - - Vj = 0.433, 

or 43.3 j)er ccait. 

Figure 712 shows the tempcraturc-(introi)y diagram of an ideal re- 
generative cycle with infinite number of stage's, in 
whicli the inaximum tcMiiperature of the fcc'd water 
is taken as that of th(^ licpiid at throttle conditions, 
i.e.y with steam initially superheated some of the 
bled steam will also bc^ su] )erheated. The equation 
for effi(*iency is the same as that of the preceding 
cycle; siiu'e the ouly (liffereiice lies in the i)oiiit at 
which bleeding takes place'. 

Example 114. — Using the data in Example 113, 
calculate the efficic'iicy of the turbine when working 
on the above (!yclc. 

Solution. — H, = 1378.7, as previously deter- 
mined; the heat content after expanding adiabatically from 3 to 
4 = 7^2 + Ta (N 3 — Nz), From steam tables H 2 and A ^2 at 600 lb. and 



Fia. 712. Regenerative 
Cycle. 
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saturation = 1199,8 and 1.4414, respectively; Ti = 486.5 + 460 = 946.5; 
To = 79 + 460 = 539; Nt = 1.6094; do = 0.6679; qt = 468; qo = 47. 

Hi = 1199.8 + 946.5 (1.6094 - 1.4414) = 1358.8 
Sub.stituting these values in equation (4295) and l educting, wc have 


1.378.7 - 1358.8 + (946.5 


0.6679) 


= 0.'443, 


1.378.7 - 1358.8 + (946.5 - 539) (1.6094 - 0.6679) 

, = 1 378.7 - 468 = 

or 44.3 per cent. 

It is impractical, from a constructive and operative standpoint, to have 
more than, say, three or four bleeding stages; therefore, the ideal cycles 
previously analyzed are of purely a(;ademic vahi(\ It is a e-omparatively 
simple matter to establish an ideal regenerative cycle for one or rnorc^ 
stages which can be closely paralleled in practice. The efficiency of a 
single-stage cycle is readily (calculated as follows: 

Let 111 = heat content at throttle conditions, B.t.u. per lb. 

H2 = heat contoit of the steam at the extraection point, after 
adiabatic cxi)ansi()n from throttle (conditions. 

Hn = heat content of the steam at exhaust pressure after 
expanding adiabatically fiom throttle conditions. 
w = weight of steam bled, lb. per lb. of condensate. 

92 , 9« = heat of the liquid at bleeder and exhaust pressure, 
respectively. 

Then, the work done by w lbs. of the bled steam = {II v — Il2)w and 
w = (^2 - ( 2 n ) { Ih - 92). 

Work done per 1 lb. of condensate = Ih — //„. 

Heat added to (1 + w) lb. of steam = {1 + w) {Ih — (22). 

Eff. = ( . (429c) 

{1 + w) {Ih - (22) 


Eff. = 


Example 116. — Using the data in Example 113, calculate the effi- 
ciency of a single-stage bleeder turbine if the steam is bled at the 25 lb. 
abs. stage. • 

Solution. — Ih = 1378.7 as previously determined. H2 for an adia- 
batic drop from 600 lb. abs. and 750 deg. fahr. to 25 lb. abs. = 108.6. 
Hn for an adiabatic drop from 600 lb. abs. and 750 dicg. fahr. = 864. 
From steam tables q2 = 208, qn = 47. Then, w = (208 — 47) (1086 

— 208) = 0.182. Substituting these values in equation (429c) and solving 


Eff. = 


(1378.7 - 864) + 0.182 (1378.7 - 1086) 
1.182 (1378.7 - 208) 


= 0.41. 


Any number of stages may be analyzed in a similar manner. 
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This ideal efTicicncy cannot be realized in Ihe actual sinp;le-bleeder 
stage turl)in(^ because of th(' turbiiu' and generator losses, and the pi'cs- 
sure drojis and heat losses in the heater. 

A Study of Steam Power Plant (fydes Hirshf<'l(l :nul iLlleiiwootl, Penver PJuiif Eiigrg., 
Dec. 15, 1). 1214; Tnins. A.S M.K., Vol. 45, U»2;i. 

Eex))iomLc Charnele} isties of Stage Peethralcr Heating hy Kxtraetion ■ Brown Mild Dn'wrv, 
Mech. Kngrg., Mar., B)24, j). US; Timus. A.B M.K., Vol. 45, Prj.'i. 

Feedwater Healing for High Thennal Ffjineneij: llclandcr, "rniiis A.S.M.E., Vol. » 
44, 192;i, p. 1055. 

The Commereial Eeouoimj of High Pressure and High Sii pet heat in ihe ('ential Station: 
Orrok, Trans. A.S.M.K., Vol 41, 1922, p. 1119. 

The Inerease in Thermal Effiriency Due to Reauperheating in Steam Tiiibinex. Blowney 
Mild Wiirren, Trans. A.S.M.K., Vol. 4(>, 1924. 

405. Combined Rehealer-ReKcneratlve Cycle. — In some of the latest 
turliine projects it isjiroposed to use niulti-eylinder turbines with reheating 
between cylinders and bleeding in the low-])ressure cylinder. The thermal 
efficiency may be cakailated by taking i^ach step in the cycle and analyzing 
as outlined aliovo. 

The 5(),000-kw. Parson turliine at the Crawford Avenue vStation of the 
Ckimmonwealth P^dison Co., Chicago, 111., is a notable example of the com- 
bined reheater-regemaative cycle. The turbim^ is a ICcylinik'r unit and 
operates as follows; steam is gemerated at OOO lb. gage pressure, tempera- 
ture 750 deg. fahr. and is suiiplied to Ihe high pressure unit at a pressure 
of 550 lb. gage. It. leaves the high-iiressure cylinder at a, pressure of 100 
lb. gage and is reheati'd to 700 deg. fahr. Indore (mteiing the intermediate 
cylinder. After leaving the latter at a [iressure of 2 lb. gage, it enters the 
low-pressure cylinder and is exhaust (*d into tin* (‘ondcnsi'r at a vacuum of 
29.25 in. of Hg. About 22 per cent of the total heat ent/Cring the turbine 
is extracted at three points and raises the temiierature of the finalwater 
from ()5 to 315 deg. fahr. A heat consum])tion of 10,2()5 B.t.u. per kw-hr. 
is expect(‘d, corresponding to a thermal (‘fficiency (steam to electricity) of 
33.2 per cent. 



CHAPTER XXIV. — Supplementary 
PROPERTIES OF AIR.— DRY, SATURATED, AND PARTIALLY SATURATED 


406. General. — Ttihlcs and eharls giving the simultaneous physical 
and thermal properties of dry and saturated air for various temperatures 
are of great assistam^e in solving problems I’elative to the design ajrd 
performairce of evaporative surface (iondensers, water-cooling apparatus 
and air-conditioning devict's. Table 138 gives the projrei'lies of dry arid 
saturated air for various temperalrm's I'anging from 0 to 212 deg. fahr. 
and Figs. 713 and 714 give a comjrlete ])sychrometric chai't for all con\ 
ditions of dry, satui'af/Od, and partially sal.urated aii’ within a temperature 
range of 20 to 350 deg. fahr. These charts are extremely useful in avoid- 
ing laborious calculations. 

407. Dry Air. — Th(' ])hysic,al and thermal ju'opei'ties of dry air as used 
in these tables and charts are basc'd on the following laws estal)lishcd by 
the latest experiments with gases and vapors: 

constant = 0.754, (430) 

Cpa = 0.241 1 + 0.00(K)045 (b -|- h), (431) 

Ifa = Cp, {I, - h), (432) 


in which 

Pa = absolute pressure of the dry air, in. of mercury, 

Fffl = volume of 1 lb. of dry air, cu. ft.. 

To = absolute temperature of the air, deg. fahr., 

Cpa = mean specific heat of air at constant pressure between tempera- 
tures b and b, * 

Ha = heat content, B.t.u. per lb. of air above temperature b, 
b = initial temperature, deg. fahr., 

<2 = final temperature, deg. fahi‘. 

A sample calculation of the properties of dry air as listed in Table 
138 is given in Example 116. 

Example 116. — Requu'ed the specific volume and density of dry air 
at 100 deg. fahr. undei- standard atmospheric pressure (= 29.92 in.). 
Required also the heat content per lb. above 0 deg. fahr. 
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TABLE 138. 

PHOPERTIES of .'^VTril.XTFI') ATU. (Pnrnmoter 2(1.921.) 
Mi\lvire of Air SuluniUHl with Witter VtijHir 


Tempera- 
ture. Do- 
grees 
Falir. 

Weight of 
1000 Cu. I-'l 
of 1 )ry Air, 
I’ouikIh 

\ olurjie of 
( )iie Lb. of 
Dry \ir. 
C’u i’l. 

I'Oastip 
I’ltiee nf 
\ apcr, 1 11 
nf VI ei- 

<'iii\ * 

T'3a‘<tie l*\jr<-o 
(*f llio Drt Vii 
in the Ml^^lIro, 
111 nf Mei- 
eiir> . 

Weigh 

Weight of 
(he I)r\ 
Vir, ( 'on- 
tent 

nf UW)0 Cu. 

Weight of 
( h(* V apor, 
('onteiit • 

7 

Ft., Lb. 

^rotal 
Weight of 
t he Mix- 
t tire 

8 

1 

2 ' \ 

0 

SO 35 

11 5S 

0 037 

29 SS 

SO 23 

0 007 

SO 90 

10 

SI 53 

11 S3 

0 003 

29 S5 

SI 31 

0 110 

84 42 

20 

S2 71 

12 00 

0 103 

29 SI 

82 11 

0 177 

82 02 

30 

SI 01 

12 31 

0 105 

29 70 

SO. 02 

0 27S 

80 90 

32 

SO 71 

12 30 

0 ISI 

29 71 

SO 21 

0 303 

SO 54 

35 

SO 10 

12 17 

0 203, 

29 72 

79 70 

0 310 

SO. 04 

40 

79 13 

12 50 

0 2 IS 

29 t>7 

78 77 

0 410 

79 IS 

45 

7S 01 

12 72 

0 300 

20 0,2 

77 S() 

0 492 

78 35 

50 

77 SS 

12 SI 

0 302 

29 5(i 

70 91 

0 5SS 

77 53 

55 

77 10 

12 07 

0 130 

29. I S 

75 OS 

0 099 

70 OS 

()0 

70 33 

13 10 

0 521 

29 10 

75 05 

0 823 

75 SS 

(V2 

70 01 

13) 15 

0 500 

29 30 

71 00 

0 SS7 

75 54 

()5 

75 01 

13 22 

0 ()22 

29 30 

71 OS 

0 979 

75 06 

70 

74 01 

13 35 

0 730 

29 IS 

73 OS 

1 153 

71 23 

72 

74 03 

13 10 

0 700 

29 13 

72 (;s 

1 229 

73 90 

75 

71 21 

13 IS 

0 S7 1 

29 05 

72 08 

1 .352 

73 ‘12 

SO 

73 53 

13 00 

1 031 

2S S!) 

71 01 

1 580 

72 50 

S5 

72 S3, 

13 73 

1 212 

2S 71 

()9 02 

1 841 

71.76 

00 

72 15 

13 SO 

1 121 

2S 50 

()S 7S 

2 137 

70 92 

05 

71 53 

13 OS 

1 (»50 

28 20 

07 59 

2 474 

70 06 

UK) 

70 87 

1 1 11 

1 031 

27 09 

00 31 

2 855 

09 19 

105 

70 22 

11 21 

2 241 

27 0,9 

05 05 

3 2S5 

08 33 

110 

00 01 

1 1 30 

2 501 

27 33 

03 01 

3 709 

07 41 

115 

09 01 

14 4!) 

2 903, 

2ti 03 

02 10 

4 312 

06.47 

120 

OS 40 

14 02 

3 441 

20 IS 

00 (iO 

4.920 

05 52 

125 

07 SO 

14 75 

3 952 

25 07 

5S 92 

5 .599 

04 52 

130 

fi7 20 

14 SS 

1 523 

25 10 

57 11 

() 35C» 

03 50 

135 

(»0 07 

15 00 1 

1 5 103 

24 70 

55 23 

7 187 

02 43 

140 

00 00 

15 13 ! 

5 S7S 

24 01 

53 IS 

S, 130 

01 31 

115 

05 53 

15 20 

0 ()77 

23 25 

51 01 

9.100 

00 17 

150 

01 OS 

15 30 

7 50(i 

22 35 

4S 03 

10 30 

58 93 

155 

04 13 

15 52 

S 551 

21 37 

40. 12 

11 50 

57 68 

100 

03 01 ^ 

15 01 

1 9 049 

20 27 

43 39 

12 94 

56 33 

105 

03 11 

15 77 

10 SO 

19 00 

40 47 

14.45 

54.92 

170 

02 

15 90 

12 20 

17.72 

37 33 

16 11 

53.44 

175 

02 40 

10 03 

13 07 

10 25 

33 90 

17.93 

51.89 

180 

01.88 

10 10 

15 29 

1 4 ()3 

30 34 

19 91 

50 25 

185 

01 12 

U) 2S 

17 07 

12 85 

20 44 

22 00 

48.50 

190 

00 94 

10 11 

19 01 

10 91 

22 20 

24.41 

46.67 

195 

00 01 

10 50 

21 14 

8 7S 

17 17 

20.96 

44.13 

200 

50 98 

10 07 

23 40 

6.40 

12 97 

29.72 

42 69 

205 

59 74 

10 74 

20.00 

3 92 

7.82 

32.71 

40 53 

210 

59 31 

16 SO 

28 75 

1 17 

2 30 

35 .94 

38.24 

212 

59 10 

10.92 

29 92 

0 

0 

37.32 

37.32 


GoodeDOugh. 
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TABLE 138. — Continued 


Tetnpeni- 
ture, I)e- 
Brej-i Fahr. 

WoiKhLof 
Water Ner es 
HMry 1o Satu- 
rate 100 FI* of 
Dry Air 

Volume of One 
Pound of Di V Air 
-h Vaptjr to Satu- 
rate il , Cubic Feet 

Ucut Content 
per Pound of 
DO" Air, H.t.u 

Latent Heat of 
Vapor in One 
T.,b of Dry Air 
Suturateil w ith 
Vaix^r, U.t u. 

Heat Content of 
One Lb of Dry 

Air Saturated with 
Vapor, B.t.u. 

0 

0 078 

11 59 

0 000 

0.964 

0.964 

10 

0 131 

11 86 

2 411 

1.608 

4 019 

20 

0.214 

12.13 

4 823 

2 623 

7.446 

30 

0 344 

12.41 

7.234 

4 195 

11 429 

32 

0 378 

12 47 

7.716 

4 058 

11 783 

35 

0.427 

12 55 

8 44 

4 57 

13 02 

40 

0.521) 

12 70 

9 65 

5 56 

15 21 

45 

0 

12 85 

10 86 

6 73 

17.59 

50 

0 761 

13 00 

12.07 

8.12 

20.19 

55 

0 920 

13.1 i 

13 28 

9.76 

23.04 

60 

1 105 

13 33 

14.48 

11 69 

20 18 

62 

1 188 

13.40 

14 97 

12 12 

26 84 

65 

1.323 

13 50 

15 09 

13 96 

29 65 

70 

1 578 

13 69 

16 90 

16 61 

33 51 

72 

1 092 

13 76 

17 38 

17 79 

35.17 

75 

1 877 

13 88 

18 11 

19 71 

37.81 

80 

2 22(i 

14.09 

19 32 

23 31 

42.64 

85 

2 634 

14 31 

20 53 

27 51 

48.04 

90 

3 109 

14 55 

21.74 

32 39 

54.13 

95 

3.662 

14 80 

22 95 

38 06 

61.01 

100 

4 305 

15.08 

24 16 

44 63 

()8 79 

105 

5 05 

15 39 

25 37 

52 26 

77.63 

no 

5 93 

15 73 

26 58 

61 11 

87.69 

115 

6 94 

16 10 

27 79 

71 40 

99 10 

120 

8 13 

16 52 

29 00 

83 37 

112 37 

125 

9.53 

16 99 

30.21 

97 33 

127.54 

130 

11 14 

17 53 

31 42 

113 64 

145 06 

135 

13.05 

18.13 

32 63 

132 71 

165.34 

140 

15.32 

18.84 

33 85 

155 37 

189 22 

145 

18.00 

19.64 

35 06 

182 05 

217 10 

150 

21 22 

20.60 

36.27 

214.03 

250 30 

155 

25.11 

21 73 

37 48 

252.61 

290.10 

160 

29 87 

23.09 

38 69 

299.55 

338 20 

165 

35.77 

24 75 

39 91 

357 75 • 

397.70 

170 

43.24 

26.84 

41.12 

431.20 

472 30 

175 

52 90 

29 51 

42.33 

526 0 

568 30 

180 

65.77 

33 04 

43 55 

651 9 

695 50 

185 

83.59 

37.89 

44 76 

826.1 

870.90 

190 

109.80 

45 00 

45.97 



195 

191 00 

56 20 

47.20 



200 

229 . 50 

77.24 

48 40 



205 

419.00 


49.62 



210 



50.83 



212 



51.39 
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Solution. — From equation (430), 


20.92 X Va 
iOO + 4r)9.(i 

r. 

Density = 


= 0.754, 

= 14.11 cu. ft. per lb. 
= 0.071 11). per cu. ft. 


From equation (431), 

Cp, = 0.2411 + 0.0000045 (0 + 100) - 0.2416, 
and from equation (432), 

Ua = ().241() (100 - 0) = 24.16 R.t.u. per lb. 


408. Saturated Air. — Water, if placed in a vacuum chamber, will 
evaporate until tlie i)rcssure iti the chamber has reached that of vapor 
corresponding to the temperature of the watc'r. If the wat('r is intro- 
duced into a chamber containing dry air the evaporation will proceed 
'precisely th(^ saiiK' a.s in the vacuum until the pressure has risen by an 
amount corres])onding to the vapor pressure for the temperature. In 
this case, according to Daltoji’s lav' (])aragraph 216) cacdi substance 
will exert the pressure it would if alone occupying the volume, and the 
final pressure will be th(' sum of that of tlie vapor and that of the air. 
Air is said to be saturated with moisture when it contains the saturated 
vapor of water. It might be better to say that the spa(;e is saturated 
since th(‘ ])res(mce of air hn-s no oi]'vvi on the vapor (the temj)eraturcs 
being the sanuO oth(‘r than that the air retards the diffusion of water 
particles. Perfectly dry air do(‘s not exist in nature since evaporation 
of water from the earth’s surface causes the atmosphere to be more or 
less dilut,('d with vapor. 

The weight of saturated water vapf)r per cubic foot depends only on 
the temi)eraturo and not on the presen(;(‘ of air. 

The various pr()])erties for air completely saturated with water vapor 
may be calculated by iiK'ans of eejuations (430) to (432), and Dalton’s 
law, whicii may be expressed 

• Pa + Pv = (433) 

in which 

Pa = absolute* pressure of the dry air in the mixture, in. of mercury, 

Pp = absolut(i pressure* of saturated steam at the temperature of the 
mixture, in., 

P = total pressure, which for atmospheric conditions = 29.921. 
Therefore, 


Pa= P- Pv- 


(434) 
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Pj, may be taken directly from steam tables. 
From equation (430), 


y = y. 


0.754 Ta 
~P - Pv ' 


( 435 ) 


in which 

Va = volume of 1 lb. of dry air (plus vapor to saturate) at pressure 
Pa and absolute temperature Ta, 

V = volume of vapor in 1 lb. of dry air when saturated, cu. ft. 

Evidently Wa = ^ , 

^ ” I 

in which 

iVa = weight of dry air in 1 cu. ft. of saturated mixture. 


The weight, iVy, of vapor in 1 cu. ft. of saturated mixture is the density ' 
of saturated vai)or at pressure and temperature 7^. This may be 
taken directly from steam tablets. 

Total weight of mixture per cu. fi-. = 7/v + 

The weight, a>/, of vai)or necessary to sat urate 1 lb. of dry air, 

Wy = Vwy = VaV\. (430) 

Heat content II', or total heat in a mixture* of J lb. of dry air satu- 
rated with water vapor, measured above 0 dcig. fahr., and not including 
the heat of liquid, is 

IP = CpJa + (437) 

in which 

ta = tcTnp(',rature of the* mixture, deg. fahr., 

r„ = latent heat of saturated vapor at txnnperature la and pressure P„. 

An application of these* formulas to the calciulatioii of the various 
quantities in Table 138 for a temperature of 100 deg. Jahr. is given in 
Example 117. 


Example 117. — Reejuired the following projx'rties of atmospheric air 
completely saturated with wat(T vai)()r when the temperature of the 
mixture is 100 deg. fahr.: Elastic force or jmssiin* of the vapor and of 
the dry air in the mixture, volmne of 1 lb. of dry air plus vapor to saturate 
it, weight of dry air and vapor in 1000 cu. ft. of mixture, weight of water 
necessary to saturate 100 lb. of dry air, latent heat of the vapor content 
of 1 lb. of mixture and the heat content of 1 lb. of dry air saturated with 
vapor. 
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Solution. — Pressure of vapor in the mixture : 

1\ = 1.931 in. (from steam tables). 
Pressure of cli y air in the mixtiu'c: 

Pa = P — Pj, 

= 29.921 - 1.931 = 27.99 in. 


Volume of 1 lb. of dry aii* saturated with vapoi : 


. ^ 0.77)4 
" P - P, 

0.77)4 (100 + 47)0.0) 
29.921 - 1.931 


17).0S (Ml. ft. 


Weight of dry air in 1000 cu. ft. of saturated mixture: 

H'a = = 0.06034 11). p(M' (Ml. ft. 

» li 1 o.Uo 

1000 iVa = 1000 X 0.06()34 = 00.34 lb. 

Weight of water vapor in 1000 (mi. ft. of mixture: 

n\, = 0.00287)7) 11). ])er (mi. ft. (from st(\Min tables), 
1000 = 1000 X 0.00287)5 = 2,857) lb. 

Total wtaght of 1000 (mi. ft. of mixture: 

= 06.34 + 2.87)7) = 09.19+ 11). 

Weight of vapor necessary to saturate 100 lb. of dry air: 

- 15.08 X 0.00287)5 = 0.04305 lb. p(M- lb. of dry air 
= 0.04305 X 100 = 4.307) 11). per 100 lb. of dry air. 

Total heat of tlu' dry air (content, above 0 deg. fahr.: 

If a - (\a (100 - 0 ) 

= 0.2410 X 100 = 24.10 B.t.u. per lb. 

Latent heat of the vapor content: 

- 103().0 X 0,04305 = 44.03 B.t.u. 

Total heat of 1 lb. of dry air saturated with vaj)or: 

t 

Hi == //fl + 

= 24.10 + 44.03 = 08.79 B.t.u. 


409. Partially Saturated Air. — As previously stated, air is said to be 
saturated with moisture when it contains the saturated vapor of water. 
In this condition the weight of vapor per cu. ft. corresponds to the density 
of saturated steam at the temperature of the mixture. If the body of 
air contains only a fraction of the weight of vapor corresponding to satu- 
ration it is said to be partially saturated and the fraction is called the 
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Weight of vapor in 1 lb. of dry air ; 

From equation (439) 

_ 1047.4 X 0.02220 - 0.2416 X 20 
^ 1047.4 + 0.429 X 20 


0.017r) lb. 


w may also be closely approximated as follows: 

w = hV X density of saturated vapor at. 100 deg. fahr. 

= 0.42 X 14.5 X 0.002855 = 0.0174 lb. 

Total heat in 1 lb. of dry air containing w lb. of vapor a.r tempera- 
ture 0: 

From equation (443) 

//' = 1047.1 X 0.02226 + 0.2415 X 80 = 42.46 B.t.u. 

H' may also be approximated from tlic values in Table 138. 

= heat content of the dry air + h X latent heat content of satu- 
, rated va])()r at teinperatui-e td = 100 

= 24.16 + 0.42 X 44.63 = 42.9 B.t.u. 


An application of Table 138 and the psychronietric charts in Fig. 713 
is given in Examples 119 and 120. 

Example 119. — Atmosphc'ric air at 40 deg. fahr. and relative humidity 
0.80 is to be conditionecl to 70 deg. fahr. and relativ(^ humidity 0.50. 
Determine the amount of moisture and heat to be added, (1) by means 
of Table 138 and (2) by means of the curves in Fig. 713. 


Solution. — 




From Table 138: 

Original moisture content = 0.52 X 0.8 = 0.41() lb. per 100 lb. of 
dry air. 

Final moisture (jontent — 1.578 X 0.5 = 0.789 II). per 100 lb. of 
dry air. 

Moisture to be added = 0.789 — 0.416 = 0.373 lb. per 100 lb. of 
dry air. 


From Fig. 713: 

Initial moisture content (intersection of id = 40 and h = 80 per 
cent) = ^1 grains per lb. of dry air. 

Final iiioisture content (intersection of td ~ 70 and h = 50 per 
cent) = 55 grains per lb. of dry air. 


Moisture to be added = 0.371 lb. per 100 lb. of 


dry air. (7000 = grains per lb.) 


From Table 138: 

Initial heat content = 9.65 + 0.8 X 5.56 = 14.1 B.t.u. per lb. 
Final heat content = 16.90 + 0.5 X 16.61 = 25.20 B.t.u. per lb. 
Heat required = 25.20 — 14.1 = 11.10 B.t.u. per lb. of dry air. 
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From Fig. 713: 

Initial heat content (intersection of td = 40 and = 80 per cent) 
gives wet bulb = 37.5; follow constant temperature line tw = 
37.5 until it intersects saturation line h = 100 per cent; trace 
veTtically upward to intersection of total heat line and read 
from marginal notation 14.1 B.t.u. per lb. 

Final heat content (intersection of td = 70 and h = 50 per cent) 
gives = 58.5; follow constant temperature line = 58.5 until 
it intersects line h = 100 per cent; trace vertically upward to 
intersection of total heat line and read 25.2. 


The charts in Figs. 713 and 714 arc reproduced to a greatly reduqed 
scale and the readings cannot ])C made with the acc^uracy indicated I in 
the example. In th(^ original charts the wet- and dry-bulb tempcratuB*e 
can be read to an accuracy of 0.1 degree and the other quantities pro- 
portionately. \ 

Example 120. — Atmospheric air at 90 deg. fahr. and relative humidity' 
of 80 per cent is to b(' conditioned to 70 deg. fahr. and 50 per cent relative 
humidity. Detc’rmine the temperature to which the original mixture 
must be reduced in order to have a relative humidity of 50 per cent when 
heated to 70 deg. fahr. Determine also the amount of heat to be abstrac- 
ted to effecjt the initial cooling and that to be supplied to bring it to the 
final desired condition. 


Solution. — Moisture content at td = 90 and = 0.8 = 3.109 X 0.8 = 
2.487 lb. per 100 lb. of dry air, corresponding dew point = 83 deg. fahr., 
that is, at 83 deg. fahr. condensation begins. 

Moisture content at td = 70 and h = 0.5 = 1.578 X 0.5 = 0.789 lb. 
per 100 lb. of dry air. ( 'OiTcsponding dew point = 51.8 deg. fahr. This 
is the temperature to which the air must be cooled in order to have the 
required humidity when reheated to 70 deg. fahr. H(iat content at td 
= 90 and /i = 0.8 = 21.74 + 0.8 X 32.39 = 47.()5 B.t.u. per lb. 

Heat content at td = 51.8 and h = 1.0 = 21.19 B.t.u. per lb. 

Heat to be removed from water condensed due to cooling from 83 


to 51.8 deg. fahr. 


2.487 - 0.789 83 - 51.8 

100 ^ 2 


0.26 B.t.u. per lb. 


(This is comparatively small and may be omitted.) 

Total heat to be removed in cooling from initial conditions to 51.8 
deg. fahr. = 47.65 - (21.19 + 0.26) = 26.20 B.t.u. per lb. 

Heat content at td = 70 and h = 0.5 = 16.9 + 0.5 X 1^.96 = 23.88 
B.t.u. 

Heat to be added to retemper from 51.8 to 70 deg. = 23.88 — 21.19 
= 2.69 B.t.u. per lb. 

These values, neglecting the heat of the liquid, may be taken directly 
from the curves in Fig. 713 as shown in the preceding example. 


Example 121. Evaporative Surface Condenser. — How many cubic feet 
of air and how many pounds of water spray must be forced through 
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From Table 138: 

ivi for (lew point 69.0 = 0.0152 lb. 

W 2 for (lew point 119.2 = 0.0793 lb. 

Moisture absorbed per lb. of dry aii' = 0.0793 — 0.0152 = 0.0641 lb. 

Since the heat content or total heat is constant for a p;iv(ui wet-bulb 
temperature 

If] for wet bull) 72.2 = 35.3 B.t.u. 
n. for wet bulb 119.2 = 110.5. 

Heat absorbed per lb. of diy air and its vapor content. 

Jh — II = 110.5 — 35.3 = 75.2 B.t.u. i)er lb. 

These results check substantially with t he c:alculat-ed data. 

Example 122. — T)et('rininc the (piantity of air passing through the 
cooling towca’ ami the weight of cii'culating wat('r lost by evaj)oration in 
a surface-condensing ))()wer i)lant operating under th(‘ following conditions: 
Turbines, average loa.d l()t)() kw.; averagii water rate 20 lb. per kw-hr.; 
initial stauii prc^ssuie 150 lb. al)S.; superheat 50 d(% fahr.; vacamni 
26.92 in,; barometer 29.92 in.; lem]KTa,tur(^ of inje(‘tion watc'r, discliargt^ 
water and outside air, 70, 1.00, and tj5 di^g. fahr., r(\s])e(!tively; tempera- 
ture of air leaving tower 90 d(‘g. fahr.; wot bulb tempcu’ature of outside 
air and air leaving cooling tow(n- 57 and 89 deg. fahr., r(\s])e(d.ively. 

Solution. — Total heat to be .abstracted from the steam = 

1000 X 20 ^1223 - “ijy- - lOf) * + 32^ = K), 580, 000 B.t.u. per hr. 

Assuniod hot well t cMiiporat ui’o. 

Atmospheric air entcaang tower: 

From the curves in Fig. 713 (dry-bulb temperatui’c 65 deg. fahr. 
and wet bulb tcauperaturc 57 deg. fahr.). 

Moisture content of 1 lb. of dry air, W\ — 56 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 

Hi = 24.3 B.t.u. 

Air- vapor mixture leaving tower: 

From the (iurves in Fig. 713 (dry-bull) 90 and wnt-bulb 89). 

Moisture content of 1 lb. of dry air, = 209 grains. 

Total heat of 1 lb. of dry air, with its va])or content, 

//2 = 52.8 B.t.u. 

Moisture absorbed by 1 lb. of dry air in passing through th(^ tower 
= W 2 . — w = 209 — 56 = 153 grains or 0.021 8() lb. 

Heat absorbed by 1 lb. of dry air (plus its initial vapor content) in 
passing through the tower 

= H 2 - II = 52.8 - 24.3 = 28.5 B.t.u. 
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Total weight of dry air required to abstract the heat from the circu- 
lating water 

19,580,000 v 

— ^ ^ ^ = 087,000 lb. per hr. 

Zo.u 


Volume of 1 11). of dry air and its vapor content entering tower 


= ) = 13.39 cu. ft. 


(29.54 = pressure of the dry air in the mixture = 29.92 — 0.61 X 0.6218; 
0.61 = relative humidity and 0.6218 = pressure of saturated vapor at 
65 deg. fahr.) 

Total volume of atmospheric air entering tower j 

= — ^ — = 153,000 cu. ft. per mm. \ 


The Temperatures of Evaporation of Water irdo Air: Carrier and Lindsay, Trarif^ 
A.S.M.E., Vol. 46, 1921. \ 

The Design of Coolitig Towers- Holiinson, Trans. A.S.M.E., Vol. 44, 1922, j) 669. 

7'he Evaporation of a Liquid into a Gas: Lewis, Trans. A.8.M.E., Vol. 44, 1922, p. 325. 



APPENDIX A 

EQUIVALENT VALUES OF ELECTRICAL AND MECHANICAL UNITS 


1 Myhiawatt = 

10 kilowjitts 
10,0(K) watts 
K1.41 horst‘])ovv(*r 
13.597 choval-vapour 
13.597 pfcirdo-kratX 

26,552,000 foot pounds jmt hour 
8,605,(K)0 f»:rani calorics per hour 
3,670,(K)0 kLlof!;ram meters per hour 
31,150 B.t.u. per hour 
1 .02 boiler horsepower 

1 IIoiisKrowiui - 

745.7 watts 
0.7457 kilowatt 
0.07457 myna watt 
1.0139 eheval-vapeur 
1.0139 pferde-kraft 

33,000 foot jKjuiids per minute 
611,700 gram calories jier hour 
273,743 kilogram meters per Jioiir 
2,547 B.Lu. per hour 

1 JOULK “ 

1 watt second 
0.10197 kilogram meter 
0.73756 foot pound 
0.239 gram calorie 
0.(K)094S(; B.t.u, 

1 B.t.u. = 

1054 watt seconds 

777.5 foot pounds 

107.5 kilogram meters^ 
0.0003927 horsepower hour 


1 Kilowait ^ 

0.1 myriawatt 
1000 watts 
1.341 horsejiower 
1.3597 chevid-vapeiir 
1.3597 ])ferd(!-kraft 

2,655,200 foot jiounds per hour 
860,500 grain calories per hour 

367,000 kilogram meters per hour 
3,415 B.t.u. yier hour 
0 102 boiler horscyiower 

1 ChlEVAL-VAPEUR OR PFEnDE-KRAFT 
75 kilogram meters yicr second 
0.07354 myriawatt 
0.7357 kilowal t 
0.9S()3 Jiorse power 
32,550 foot jHiunds per minute 
(>32.900 gram calories yier hour 
2,512 B.t.u. per hour 

1 J’ ooT Pound = 

1.3558 joules 
0.13826 kilogram meter 
0.001286 B.t.u. 

0.03241 gram calorie 
0.0()(K)()(I505 horseyiower hour 

1 Kilooram-Meter = 

7.233 foot pounds 
9.806 joules 
2.344 gram calories 
0.0093 B.t.u. 
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APPENDIX B 

MISCELLANEOUS CONVERSION FACTORS 

1 Pound per Square Inch = 1 Atmosphere = 

2.0355 inches of inercairy at 32° F. 760,0 milliineU’/rs of mercury at 

2.0416 inches of mercury at 62° F, 32° F. 


2.309 feet of water at 62° F. 

0.07031 kiloj^rain per square centi- 
meter 

0.06804 atmosphere 
51.7 millimeters of mercury at 
32° F. 

1 Foot of Water at 62° F. = 

0.433 i)Ound jier s(|uare inch 
62.355 pounds p(!r square foot 
0.883 inch of menairy at 62° F. 

821.2 feet of air at 62° F. and ba- 
rometer 29.92 

1 Inch of Water 62° F. = 

0.0361 pound per square inch 
5.196 pounds per square foot 
0.5776 ounce per square inch 
0.0735 inch of mercury at 62° F. 
68.44 feet of air at 62° F. and ba- 
rometer 29,92 

1 Foot of Aik at 32° F. and Barome- 
ter 29.92 = 

0.0761 pound per sejuare foot 
0.0146 incli of wato at 62° F. 

1 Inch of Mercury at 62° F. = 

0.4912 pound per square inch 
1.134 feet of water at 62° F. 

13.61 inches of water at 62° F. 


14.7 pounds per square inch 
29.921 inches of mercury al 32° F. 
2116.0 pounds per square foot 
1.033 kilograms per sqiiar^ centi- 
met,er \ 

33.947 feet of water at 62° F. \ 

1 Millimeter = 0 03937 inch 

1 Centimeter = 0.3037 inch 

1 Meter = 39.37 inches 

1 Meter = 3.2808 feet ; 

1 Square Meter = 10.764 square feet 

1 Liter = 

61.023 cubic inches 
0.264 U. S. gallons 

1 Gram = 

1 cubic centimeter of distilled 
water 

15,43 grains troy 
0.0353 ounce 

1 Kilogram = 

2.20462 pounds avoirdupois 
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APPENDIX C 


REFERENCES TO DETAILED DESCRIPTIONS OF MODERN CENTRAL AND 

ISOLATED STATIONS 

CENTRAL STATIONS 


Station Co ri i pa n 1 / Rc f nen ce 

Barbiidoos Island A'oiiiitios (ias Electric. Power Plant EiiRr^., Oct. 1, ’23, p. 965. 

Battle C’rcek. . . (V)iisuiners Power C'o i^)wer, June 6, '22, p. 881. 

Cahokia Union Klee. Ll. Co Power, Apr. 1, ’24, p. 514. 

I’ower Plant EiiKrp;., July 15, '23, p. 135. 

•Calumet Commonwealth Edison Co. Power Plant Enj^rK., May 15, ’22, p. 498. 

l\)wer, May 30, ’22, p. 842. 

Colfax Duquesne Lt. Vo Power, May 24, ’21, p. 824. 

Trans. A.S.M.I ., Vol. 44, ’22, p. 250. 
Conners ( rock. Detroit Edison. 1 raiis. A.S.M.El., Vol. 44, ’22, p. 1033. 

Crawford Avo. .C’ornnion wealth lulison Co. IWer, July 15, ’24, p. 88; Nov. 4, ’24, 

p. 728 ; June 10, '25, p. 930. 

Delaware . . .Ohio Elec.. , . . Power Plant EnRrg;., May 24, ’21, p. 806. 

Devon , . . .Conn. lA. and Power Power, Mar. 25, 1924, p. 474. 

Elec. Wld., Mar. 22, 1924, p. 563. 

Hell Cate . Unitc'd hJee. Lt I’ower, May 2, ’22, p. 678. 

Pow(*r l^lant Enf^r^., June 1^ ’23, p. 556. 
Long Beach So. C.'ilif I (M' '^)\^er, Feb. 17, l{)2r). p 246. 

High Bridge Northern States Power Co Power, Dec. 23, ’24, p. 1006 

Hudson Avc, Brooklyn Ed. ... . Power, May 13, ’24, p. 750. 

Kearney . . Pub Serv. El. Co., N. J . .Power Plant Engrg., Mar. 1, ’24, p. 311. 

Lakeside. . . Milwaukee l^lcc. Ry.. E3ec. Wld., Apr. 15, ’22, p, 721. 

Power, Apr. 18, ’22, p. 604. 

Power, Dec. 19, '22, p. 968. 

Marysville . . . Detroit. E]dison C’o. . . Power, May 29, ’23, p. 824. 

Miami Fort. .Ckdumbia Power Ck). E3ec. Wld., Dec. 20, ’24, p. 1305. 

Middletown. . Met. Ed. Pa Power, Dec. 25, ’23, p. 1025. 

Northeast. . kan. City Lt. & Power. Power, July 3, ’23, p. 2. 

Power, Aug. 28, '23, \), 318. 

Saginaw River .(kmsumers Power Co. .Ik)wer, July 22, ’24, p. 122. 

Seward Penn. Pub. Serv. . . Power, Aug. 23, ’21, p. 278. 

Somerset ... MontMUi) JOlec. t o . . Power Plant Engrg. Apr. 1, 1925, p. 368, 

Springdale. . . West Penn. Power Co Power, Sept. 28, ’20, p. 488. 

Steel Point United 111. Co., Conn.. . . Power, Feb. 12, '24, p. 238. 

Waukegan Pub. Serv. North. 111. . . . Power, Jan. 15, '24, p. 80; 

Power Plant Engrg., Jan. 15, ’24, p. 120. 

W'est Reading . Met. Ed. Pa Power Plant Engrg., Aug. 1, ’23, p. 757. 

Weymouth Edison Elec. 111. Co Power, July 10, ’23, p. 42. 
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INDUSTRIAL STATIONS 

Ashtabula Ashtabula Steel Co Power Plant Engrg., Aug. 15, '23, p. 808, 

Baltimore, Md. . . .Am. Sup. lief. Co Power, Sept. 12, '22, p. 441. 

Chicago, 111 Great Western Laundry. . . .Power, Jan. 29, ’24, p. 103. 

Cincinnati, O. . American Can Co Power, Nov. 11, ’24, p. 755. 

Detroit, Mich. . . .Dodge Bros Power, May 24, '21, p. 841. 

Elizabeth, N. J.. . Durant Motors Power, Oct. 23, ’23, p. 638. 

Ensley Works. . . .Term. CVral, Iron, R.Ii Power, Nov. 0, ’23, p. 718. 

Erie, Pa Haminerrnill Pap'r Co Power, Feb. 15, ’21, p. 201. 

Kokomo, Ind Pittsburgh Plate Glass Co.. Power, Oct. 31, ’22, p. 075. 

Locust Point, Md. Am. Sup. Hefin. Co Power, July 4, ’22, p. 2. 

Maurer, N. J. . . . Barber Asphalt . . . . .Power Plant Engrg., July 15, '23, p. 709. 

Milwaukee, Wis. 

(P. C^) Eline’s Inc Power, Dec. 5, 1922, p. 869. 

Newark, N. J. . . .Duratex Power, Sept. 5, '22, p. 359. 

Newark, N. J. . . .Clark Thread Ck) Power, Nov. 4, ’24, p. 715. 

North Canton, O. . Hoover Suction Sweeper Co. Power, Nov. 14, '22, p. 751. 

Olean, N. Y. . . Vacuum Oil (’o Power Plant Engrg., Nov. 1, '24, p. 715. 

Point Breeze . .Atlantic Refining Power Plant Engrg., Aug. 1, '22, p. 739. 

River Rouge Ford Motor (k) Power, Sept. 6, ’21, p. 348. 

St. Louis, Mo.. .Bridge & Bca<;h Co Power Plant Engrg., Mar. 1, '24, p. 267. 

Toronto, Ohio. . . .Follansbec Bros Power, July 25, ’22, p. 117. 

BUIJ.D1NG8 

Harvard Meduial School. . .Power, Apr. 1, '22, p. 349. 

Field Museum Power, Sept. 26, ’22, p. 482. 

Federal Reserve Bank Power Plant Engrg., Nov. 1, ’23, p. 1064. 

First Nat’l Bank Power, Aug. 29, ’22, p. 311. 

R. H. Macy Power Plant Engrg., Dec. 15, '23, p. 216. 

Book — Cadillac Hotel Power, Jan. 19, 1926, p. 86. 


Boston, Mass 

Chicago, 111 

Cleveland, O 

Jersey City 

New York 

Detroit, Mich 
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an evaporativo surface condenser of the fan tyj)e in order to condense 
1000 lb. of steam per hour and maintain a vacuum of 25 in., barometer 
29? (Atmospheric air 80 dog. fahr., relative himiidity 70 per (nnit.) 
The air and vapor issue from the discharge pipe under pressure of 4 in. 
of water, temperature 120 deg. fahr., relative Immidity 98 per cent. 

Solution. — The absolute pressure in the condenser is 29.0 — 25.0 = 4 in. 
of mercury. 

The total heat to be withdrawn in order to cool and cojidense 1000 lb. 
of steam per hour at absolute pressure of 4 in. t o 120 deg. fahr. is 

1000 [1114.8 - (120 - 32)] = 1,02(>,0(K) B.t.u. 

Neglecting radiation and leakage losses, this is t he heat to bt' abstracted 
per ho\ir by th(^ air and water s])ray. 

Air-Vapor Mixture Entering Vo)idcnser. 

Pressure P\ of the dry air: 

1\ = 29.0 ~ 0.7 X 1.03M = 28.28 in. 

(1.0314 = laessure of saturat(*d vay)()i- at temperature t = 
SO. deg, fahr.) 


Volume Vi of 1 lb. of dry air ])lus its vai)or content, etpiation (435): 


Fi = 


0.754 (459.0 + 80) 
28.28 


= 14.41 c\i. ft. 


Weight of vapor in 1 lb. of dry air: 

1/,, = 0.7 X 14.41 X 0.00158 = 0.0159 11). 

(0.00158 = density of saturated vai)or at h = 80 deg. fahr.) 

Heat content II a of 1 lb. of diy aii* above 0 deg, fahr.: 

Ha = Cpaii = 0.2414 X 80 = 19.32 B.t.u. 

Latent heat. of vapor content in 1 lb. of dry air: 

r, = 0.7 (14.41 X 0.00158 X 1(H7.4) = lO.OS B.t.u. 

(1047.4 = latent la^at of saturat(‘.d vapor at temperature t = 80.) 

Total heat II i of mixture in 1 lb. of dry air: 

//i = 19.32 + 16.08 = 30.00 B.t.u. 


Air-Vapor Mixture Leaving Condemer. 
Pressure P 2 of the dry air : 


Pi = (29.0 -f 0.294) - 0.98 X 3.444 = 25.92. 

(0.294 = value in inches of mercury of 4 iindies of water pressure.) 

Volume Vi of 1 lb. of dry air plus its vapor content : 


Vi = 


0.754 (459.6 + 120) 
25.92 


= 16.89 cu. ft. 


Weight Wi of vapor in 1 lb. of dry air: 

Wi = 0.98 X 16.89 X 0.00492 = 0.08143. 
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Heat content Ha of the dry air in 1 lb. of mixture: 

/// = Cpt = 0.2416 X 120 = 29.00 B.t.u. 

Latent heat r/ of vapor content in 1 lb. of dry air: 

r/ = 0.98 (16.89 X 0.00492 X 1025.6) = 83.53 B.t.u. 

Total heat Jh of the mixture in 1 lb. of dry air: 

IJ 2 = 29.00 + 83.53 = 112.53 B.t.u. 


Heat taken up by 1 lb. of air plus water vapor in passing through the 
condenser 


= 112 - Hi = 112.53 - 36.00 = 76.53 B.t.u. 


Total weight of dry air passing through condenser 


1,026,000 

76.53 


13,400 lb. per hour. 


Total volume of aii’ vai)or entering the condenser 
= 13,400 X 14.41 = 192,960 cu. ft. 

Water absorbed per lb. of diy air 

= W2 - Wi = 0.08143 - 0.0159 = 0.06553 lb. 

Total moisture a])sorbed or weight of spray to be injected 
= 13,400 X 0.0()553 = 878.0 lb. per hr. 

For j)urp()sc of design it is sufficiently accurate to disregard the actual 
barometric, pressur(‘ and assume it to be 29.92 in. With this assumption 
the problem may l)e readily solved by means of Table 138 or the curves 
in Figs. 713-4. 

From Fig. 713 (for h = 80 and hi = 0.70): 

Wet bulb = 72.2, Dew point = 69.0, 
wi = 107 grains = 0.0153 lb. 

Ill = 35.5 B.t.u. 

From Fig. 714 (for h — 120 and /12 = 0.98): 

Wet bulb = 119.4, Dew point = 119.2. 

W 2 = 555 grains = 0.0793 lb. 

7/2 = 111 B.t.u. 

Moisture absorbed per lb. of dry air, and its vapor content, 

W2 - wi = 0.0793 - 0.0153 = 0.064 lb. 

Heat absorbed per lb. of dry air, and its vapor cont^t, 

H. - Hi == 111 - 35.5 = 75.5 B.t.u. 


Since the moistun' content per lb. of dry air at dew point is the same 
as that for all conditions of wet- and dry-bulb temperatures having that 
dew-point temi)crat.ure. 
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Boilers, horsepower of, 143. 
inherent losses, 106. 

Kidwell, 130, 349. 

Kroeschell, 133. 

Ladd, 132. 

locomotive tyjK), 117. 
longitudinal-dniiii typo, 121. 
losses, standby, lOS. 

Manning, 116. 
mercury vapor, 412. 
jx^rfect boiler, eirioKUiov of, 14S. 
^ porforrnanoe of, 141. 

\ rating of, 143. 

i 'etum-tubular, 121. 
afety valves, for, 772. 
sale formation in, 5()r). 
coteh-marine, 119. 
lection of si7.e, 171. 
lection of ty]X‘, 169. 

** •ettings for, 206 -242. 
lot removal from, 177. 
mngfield, 127. 

'am domes for, 122. 

^ling, 131. 

.irheated steam for, 1S2-205. 
lerature drop in, 163. 

0f, 150-134. 
lass of fire in, 160. 
tenners, 179. 

'W,” 122. 

Oapacify, 142. 
ifvaj)oration, 144. 
^ibular, 115. 

, deat, 134. 

Wickes, 129. 

Bolling Hoop, 119. 

Bolts, c‘himu(\v foundation, 323. 
Bourdon pressure gage, 836. 
Breecliing, 338. 

Brick chimneys {aec C'hi^ineys). 
Bridgewall, 8,' 218. 

Bridgewall, double-arch, 218 
Brown coal, 43. 
r^Met conveyors, 270. 

Xaps, 698. 

Jlders rating, 144. 

^kers, (!oal, 263. 

imers, fuel-oil (see Fuel oil). 

powdered coal, 54. 

Sming point of oils, 790. 


Bursting strength of pipes, 712. 

By-pass oil systc'in, 810. 

C. 

Caking coals, 41. 

Calorifii', value, coal, 38, 47. 
fuel oil, 60, 62. 

(^aimel coal, 41. 

Capacity, boiler, 153-159. 
fans, 3(i2. 

])il)es, 750. 

Carbocoal, 42. 

Carbon, eombustion of, 70. 
dioxide, eombuslion data, 69, 79. 
index to (;oinbu.stion, <S4. 
tesling apjiaratus, 847. 
hydrogi'ii ratio, 34. 
monoxide (!ombustion data, 69, 72. 
heat loss due to, 96. 
packing, 461. 
residue, oils, 787. 

(^•lrnot v\ cle, 1)66. 

( 'arner’s iisyehrometric chart, f)98. 

Cast-iron pipe, 70S. 

(-asl-steel jiipe, 709. 

Cellulose, composition of, 26. 

(kuilral condtuising system, 546. 
oiling systmii (.src Lubrication), 
station, ehuiK'iitary steam, 8. 
statisti(%s, 861-8^). 

Centrifugal fans (.see l"ans). 

pumps (.sec Pumps, centrifugal). 

(3iMin grates, 226. 

ChainbiTs step-down furnace, 221. 

Check A^alves, 777. 

('hernical analysis, feedwater, 571. 
fuel oil, 58. 
fuels, 38 

lubricating oils, 785. 
scale, 561. 

(3iernical fiurifujation, feedwater, 571. 

C'hezy’s formula, 304. 

Chicago smokeless settings, 217. 

Chimneys, 297-359. 
areas of, 131. 
breechings for, 338. 
brick, 325. 

at Armour Institute, 328. 
core and linings for, 325. 
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Chimneys, brick, cost of, 877. 

Custodis radial, 332. 
materials for, 329. 
radius of statical moments, 330. 
stability of, 330. 
thickness of walls, 325. 
classification of, 315. 
concrete (reinforced), 334. 
strain sheet, 338. 

Tumeaure and Maurer curves, 337. 
Weber coniform, 334. 

Wioderholt, 333. 
dami)ers for, 339. 
density of gases in, 299. 
draft in, 297. 
eccentricity in, 330. 
evas6, 351. 
foundations for, 340. 
general theory, 297. 
guyed, 316. 
height of, 300. 

horsepower rating of, 313-315. 

Kent’s equation, 311, 
kern, 330. 

lightning protection of, 329. 
oil fuel, 314. 
stability of, 330. 
steel, 317-320. 

foundations for, 324. 
foundation bolts for, 323. 
guyed, 316. 
plates for, 320. 
riveting for, 323. 
stability of, 323. 
temperature drop in, 298. 

Wcl>er concrete, 334. 
wind pressure on, 319. 

Cinder catchers, 350. 

Circulating pumps, 675. 

Classification of boilers, 115. 
chimneys, 315. 
coals, 25. 
condensers, 506. 
conveyors, 264. 
feedwater heaters, 581. 
fuel oil burners, 252. 
fuels, 34. 
pumps, 627. 
steam meters, 828-834. 
separators, 690-696. 


Classification of steam traps, 697-700. 
turbines, 430. 
stokers, 223. 
thermometers, 840. 
testing instruments, 812. 

Clayton's method, 980. 

Cleaner, tube, 177. 

Clearance volume, 387. 

Clinkering coal, 46. 

C'linkers, loss duo to, ,55. 

Closed heaters, 587. 

C^'Oal, 25 5,5. 

analysis of, 26. ^ 

analysis of various, 38. 
air drying loss, 27. 
air requirements for, 44, 80. 
anthracite, 36. 

composition of, 38. 
sizes of, .50. 
ash in, 27. 

available hydrogen in, 30. 
bituminous, 41. 
composition of, 38. 
heating value of, 38, 47. 
sizes of, 50. 
bone, 37. 
brown, 43. 
bunkers, 263. 
burned in banking, 110. 
caking and non-caking, 41. 
calorimeter, 856. 
calorimetric tests of, 38. 
cannel, 41. 
classification of, 25. 
clinkering, 46. 
combined moisture in, 39. 
combustible in, 27. 
combustion of, f)8-101. 
composition of, 38, 
conveyors (see Conveyors), 
cost of, for ])ower, 882-895. 
district, 35. 

.draft requirements for, 157. 
dry, 28. 

Dulong’s formula, 47. 
field, def., 36. 
fields of U. S., 34. 
fixed carlxin, 28. 
grades of, 35. 

handling machinery, 261-280. ^ 
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»al, hoat losses in biirnirig, 9(). 

heating values of, 38. 

high rank, 35. 

hoppers, 2h3. 

hydrogen in, 30. 

low rank, 35. 

map of the, IT. S., 34. 

meter, 815. 

moisture in, 27, 35. 

nitrogen in, 38. 

jiowdered (see PowdfMed coal), 
jirodiiets of (■(Jinlaistion, 70. 
]n’ovincx\ 30 
proximate analysis, 2(t. 
ranks of, 35. 
region, 30. 

selection and ]mrcliase, 51. 
seum-antluacite, 37. 
s('in i-l )i t uniinous, 37. 
sjK'cificatious for inirchasing, 51. 
spoil! ant'ous eorffdaistion, 202. 
storage, 2(il. 
snh-hitnminons, 43. 
car, 00. 


tem])tring, Ot. 
total moisture*, 30. 
ultimate analysis, 28. 
valv(*s, 205. 
volatile matter in, 27. 
washing, 51. 
weatliering, 2()2. 
weigh lurries, 203. 

Cocks, blow off, 771. 
trv, 173 


Coefhciemt of ('xjiansioil, jiipes, 725 
friction, ehimm'y ^ijasiis, 305. 
steam in pipes, 751. 
wat er in pijies, 758. 

Coef. of heat transmission, boilers, 13' 
condeijseirs, 528. 

Nponomizexs, 017. 



^vater lu^atixs, 591. 
'^.grheati'rs, 200. 
-^vi\'.^O.ers, 588, 
■^^ireoze, 42 


oven gas, 06. 

.../Oki'^g coals, 41. 

Cold . >eess water purification, 574. 

test ibri eating oils, 790. 

Colloidal fuels, 03. 


Color test, lubricating oils, 700. 

Column, water level, 171. 

Combined moisture' in coal, 30. 
Combustible matter in coal, 27, 

Combust mn, OS- 110. 
air healer, 018. 
ct^nlrol. 111. 
heal l().''.s4's, 00. 
jirudncts of, 70. 
r.ate of, 152. 
t ('ll ijH'ra tort' of, 87. 
theory (»1, OS 

( 'omuK'rei.al ('tliiaenev, 3S4. 

Comiiound ('iigiiK's, *108. 

st (‘am tiirbiiu's, 478. 

( 'oinpouiidmg, 108, 17S. 

( 'ompoiitids, boiler, 572 
( 'oinpivssi'd Mir, lubr u-at ion, 801. 

( 'oinpre'ssion m ('iigiiu's, 3S7 
I ( 'onci'iitrat ion meti'r, 505. 

' (’on(*r('t(‘ ehimiu'.vs, 334. 

Condensate', 501 
puin|)s, ()70. 

(Condensation control, 704. 

( Conde'iisation, eylinde'r, 385. 

( 'ondensers, 501. 

aepieoiis vajior in, 505. 
air lor (‘oolmg, 537. 
air h'akage* in, 531. 
air jiressure' in, 2Uk 
air pumps for, tiOl 4)73. 
arithmelie iiK'an tempe'ralnie in surface, 
532. 

alniosplieric, 530. 
barometric, 514. 

Il|ak(' jet, 508. 
classification of, 50(». 

(•('.ntral, 54 (i. 

(■(iutrifugal jet, 510. 
choice of, 547. 

(• 11. \Vh('i'l(‘r, low lev('I, 510, 543. 
circulating pumjis for, 075. 
(Coininonwe'alt h Edison, 50,000 sq. ft., 
545. 

cooling wab'r for je'l, 515. 

(tooling wiite'r for surface, 523. 
cost of, 870. 
eounteir current, 500. 
iJalton’s law, 503. 

-r ro '7 
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Pipe, pressure drop in, 750. 
riveted, 712. 
screw threads for, 716. 
size of, 711. 
steel, 707. 
supports, 731. 

Sargol joint for> 719. 

Van Stoncj joint for, 717. 
welded joints for, 724. 

• wrought iron, 707. 
wrought steel, 707. 
corrosion of, 708. 
double extra strong, 710. 
extra strong, 710. 
large O. D., 713. 
standard, 711, 713. 

Piping, 739-750. 
blow-off, 772, 775. 
condenser, 745. 
duplicate system, 741. 
exhaust steam, 745. 
feed water, 747. 
heating systems, 746. 
high-pressure steam, 739. 
oil, 290. 

loop in ring header, 742. 
single header, 740. 
specifications, 922. 
spider system, 741. 
steam, examples of, 740-750. 
Pistons, water, 635. 

Pitot tubes, 356. 

Pivoted-bucket conveyors, 272. 
Poly tropic change of state, 961. 
Ponds, cooling, 549. 

Pop safety valves, 772. 
Poppet-valve engine, 415. 
Positive injectors, 647. 
Potentiometer, 841. 

Powdered coal, 54, 242. 
advantages of, 55. 
burners, 247. 
cost of preparing, 56. 
dryers, 243. 

fineness for boiler fuel, 243. 
furnaces, 250. 

depreciation of, 251. 
grinders, 246. 
preparation, 242. 
storing, 56, 243. 


Power costs, 860-890. 
amortization, 876. 
attendance, 896. 
bibliography, 1012. 
central stations, 889-897. 
California Edison, 892. 
Commonwealth Edison, 889. 
Detroit Edison, 891, 897. 
Massachusetts, 894, 900. 
demand factors, 865. 
depreciation, 876. 
diversity facjtor, 867. 
expectancy, 883. 
fixed charges, 872. 
fuel costs, 897-898. 
general remarks, 906. 
going value, 886. 
inadequacy, 876. 
insurance, 875. 
interest, 873. 

isolated stations, 905, 908. 

initial cost, 902. 
labor, 896. 

life of equipment, 878. 
load factors, 864. 
maintenance, 874, 901. 
manufacturing plants, 905. 
maximum demand, 805. 
obsolescence, 876. 
oil, waste, etc., 901. 
operating costs, 889-908. 
records, 860. 

output and load factor, 864. 
l)ermanent statistics, 862. 
])ower factor, 869. 
records, 860. 
repairs, 901. 
replacement, 883. 
sinking fund, 881. 
station load factoij 865. 
station output factor, 865. 
steam heating, 907. 
straight line depreciation, 879. 
system load factor, 865. 
taxes, 875. 

turbo-electric plants, 888-900. 
unit cost, depreciation, 886. 
wages, 896. 

Power driven pumps, 644. 

Power' measurements, 845. 
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Power plant design, elements of, 901. 
refinement in, 906. 

Power plants, elementary, 1-20. 
transmission losses, 22. 
typical central stations, 9 -20. 
typical isolated stations, 2-9. 

Preboiler, 606. 

Preheated air, 92, 610, 618. 

Preheaters, 618. 

Pressure drops in, l)oilers, 163. 
condensers, 625. 
economizers, 610. 
piping, steam, 751. 
water, 760. 

Pressure regulator, 681. 

Pressures, high boiler, 390, 492. 

Preventable combustion losses, 106. 

Primary heaters, 582. 

Products of combustion, 79. 

Properties of air (ace Aii‘, properties of), 
fuel oil, 58. 
gavse.s, 64. 

lubricating oil, 793. 

steam (aee Hteam, projiertios of). 

Protective coatings, 579. 

Proximate analysis, 26. 

Psychrometnc chart, 998. 

PuLsoinetor, 646. 

Pulverized fuel (sec Powdered fuel). 

Pump governor, 681. 

Pumping engine te^ts, 419. 

Pumps, 627-686. 

air (see Pumps, vacuum), 
air chambers for, 634. 
air lift, 680. 
boiler-feed, 630, 678. 
centrifugal, 652. 
direct-acting, 630. 
duplex, 630. 

Marsh, 632. ^ 

performance of, 637, 676. 
simplex, 632. 
size of, 641. 

steam-end, duplex, 631. 
tests of, 637. 
valve-gear, duplex, 631. 
classification of, 627. 
centrifugal, 652-659. 
boiler-feed, 678. 

c har acteristics of, 661. * 


Pumps, centrifugal, circulating, 675. 
condensate, 679. 
hotwell, 679. 
imjieUers for, 655. 
multi-stage, 656. 
fierforinanee of, (>57. 
power retpiirenients, 657. 
Re(i,s-ro turbo, t)63. 
single stage, 655. 
turbine, 666. 
volute, 654. 

Worthington, 3-stagc, 656. 
eirculiiting, 675. 
conchmsale, 679. 
dry vacuum, 668. 
duplex piston, 629. 
duty of, 641. 
efficiencies of, 638, 657. 
electric driven piston, (>45. 
fly wheel, 645. 
geared pistfin, 645. 
governors for, (i81. 
hotwell, 679. 
hurling water, 069. 
hydraulic air, ()69. 
injector (aee Injectors), 
jet, 670. 

outside packed plunger, 637. 
packing for piston, 035. 
l)crformance of, 637, 076. 
plungers for, 036. 
piilsometer, 040. 
recifirocating piston, 030. 
air (aee Pumps, vacuum), 
air chambers for, 035. 
boiler-feed, 630. 
compound duplex, 033, 
duplex, 630, 
duty, 641. 
efficiencies, 038. 
electric driven, 645. 
fly-wheel, 645. 
geared, 645. 
governors, 681. 

Marsh simplex, 632. 
outside packed, 637. 
performance of, 637. 
piston packing, 635. 
plungers, 636. 
power driven, 644. 
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Pumps, reciprocating piston, simplex, 
632. 

size of boiler-feed, 641. 
slip, 642. 
steam end, 631. 
tt\sts of, 637. 
water end, 634. 
rotary, 651. 
rotrex, 665. 
simplex steam, 632. 
slip in, 642. 

steam jet vacuum, 668. 
tail, 667. 
triplex, 645. 
vacuum, 6f)l-669. 
air handled by, 673. 
c-entrifugal-hyilraulic, 6()9. 

Dean, 662. 
dry, 66S. 

Edwards, 663. 
hurling water, 669. 
hydraulic, 669. 

Laidlaw, 668. 

I.<eblanc, 669. 
performance of, 675. 
radojet, 671. 

Rees-roturbo, 663. 
rotrex, 665. 
size of, 665. 
steam jet, 670. 
turbo-air, 669. 

Westinghouse jet, 672. 
wet, 662. 

Wheeler, 669. 

Worthington, 669. 
wet- vacuum, 662. 

Purchasing coal, 52. 

Purification, feed-water, 559-581. 

Purifiers, live steam, 597. 

Purifying plants, feed-water, 574. 

Pyrometers, air, 841. 
bi-metallic, 843. 
galvanometer, 840. 
optical, 842. 
potentiometer, 841. 
radiation, 843. 
resistance, 842. 
thermo-electric, 841. 


Q. 

Quadruple-expansion engines, 408. 

Quality of steam, 937. 

R. 

Radial brick chimneys, 333. 

Radial flow contlensers, 521. 

Radiant suiicrheater, 194. 

Radiation, heat transmitted by, 88. 
Radiation losses, boilers, 103. 
engines, 392. 
pyrometers, 843. 

RadiiLS of statical moment, 330. 

Radojet pump, 671, 673. 

Rankine cycles, 494. 

Rate of comlmstioii, 152. 
depreciation, 876. 
driving boilers, 159. 

Rating of boik^rs, 144, 

Ratio of expansion, 408. 

Reaction turbines, 466. 

Rec;eiv('r rehi^aters, 406. 

Reciprocating engines (.see Engines, steam). 
Records, power plant, 860-880. 

Recording aiiparatus (nae name of appara- 
tus m question). 

RediKition gears, 450. 

Regenerator accumulator, 479. 
Regenerative cycle, 494. 

Regulators, damper, 176. 

fecdwat/cr, 684. 

Reheating cycle, 492. 

Reinforced concrete chimneys, 334 
Relative humidity, 1000. 

Relief valves, 776. 

Repairs, cost of, 901. 

Replacement, 883. 

Return traps, 702. ^ 

Return-tubular boilers, 121. 

specifications for, 914. 

Returns tank, 7. 

Ring oilers, 797. 

Ring steam jet, 344. 

Ringelmann smoke chart, 857. 

Riveted joints, chimney, 323. 

Rotary engines, 425. 
pumps, 651. 
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s. 

Safety plugs, 174. 

Safety valves, 772. 
capacity of, 773. 
dead weight, 772. 
lever, 772. 
pop, 772. 

Sargol joint, 719. 

Saturated air, properties of, 995. 

surface coiidensiTs, 539. 

Saturated steam, jiroperties of (.see Stcana, 
properties of). 

Sawdust as fuel, 44. 

Scale, analysis of luiiler, 5(il. 

influciK'e on transmission, 500. 
methods for removing, 508. 

Scotch marine ]joil(‘r, I IS. 

Scrajjcr conveyors, 207. 

Screens, traveling, 557. 

Screw conveyors, 20(). 

punii), 052. 

Screwed fittings, 708. 

Secondary he,aters, 5S2. 

Seger cones, 839. 

Semi-anthracite coals, 37. 

-bituminous coals, 37. 

Siiparating caloriiiK'ters, 855. 

Separators, 087, 

live steam, 089-092, 

Austin. 091. 
baffle, 091. 
l^undy, 091. 
centrifugal. 090. 
classificat ion of, 089. 

“Direct," 092. 
exhaust lu'ads, 094. 

Hoppes, 089. 

Keystone, 090. 
location of, 092. 
me.sh, 092. , 

reverse eurrent, 689. 

Stratton, 690. 

Swaii-out, 090. 

Tracy, 691. 
types of, 689. 
oil, 093. 

Loew, 094. 

Service tests, lubricants, 795. 

Settings, boiler, 206-242. 

Shaking grates, 213. 


Side feed stokers, 232. 

Simplex coal valve, 295. 

.steam pumps, 032. 

Sinking fund, 877. 

Single-stage pumps, t>54. 

turbines, 435. 

Siphon eondcaisers, 515. 

traps, 701. 

Skimmer.s, 175. 

Ski]) hoist, 270. 

Slagging of powdenal coal, 50. 

Slip expansion joint, 731. 

Slip in purniis, (i37. 

Smoke, caUvse of visible, 101. 
cliart, 857. 

chcMmcnl elements m visible, 102. 
determination of, S57. 
distribution in Chicago, 102. 
loss due to visible, 101. 
reiumlcr, 858. 

Kingelmaim chart, 857. 
solids 111 visible, 102. 
units, S5S 

Smokeless furnactvs (.see J'^urnaces). 
Soap, standard solution, 503. 
Softeners, fecdwatiir, 574. 

Solid lubricants, 783. 

Solids in visibli^ .smoke, 101. 

Soot lilowers, 177. 

Soot, lo.ss due to, 101. 

Space, air, m grate bars, 213. 
Spc'.cifii; gravity, Baume, 01, 788. 
file I oils, 58. 
lulmcating oils, 788. 

Specific heat, air, 89. 
gases, 89. 

satiiratiid .ste.'im, 941. 
superheated steam, 941 
water, 939. 

Specifiii volume, steam, 938. 
Specifications, typical boiler, 914. 

piping for central station, 922. 
Speed, economy of increasing, 398. 

measurements of, 844. 

Sfiider system of jiiping, 741. 
Splash lubrication, 799. 
Spontaneous combustion, 202. 
Spray fountain, 551. 

Stability, brick chimneys, 330. 
steel chimneys, 323. 
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Stacks (see Chi^nneys). 

Standby losses in boilers, 108. 

Station load factor, 865. 

Steam, boilers (.sec Boilers, steam), 
calorimeters, 854. 
condensers (sec Condensers), 
consumption of engines, 377. 
pumps, 637. 
turbines, 486. 
domes on boilers, 122. 
electric power plants, power cost, 
engines {see Engines, steam), 
flow in pipes, 750. 
through divergent nozzles, 438. 
nozzles, 439. 
orifices, 439. 
gages, 836. 
jet blower, 343-345. 
jet conveyor, 281. 
jets, 281, 343. 
loop, 703. 
mains, 739. 
piping, 706. 
p^op^^^tics of saturated and superheated 
936-953. 
entropy, 942. 
heat of liquid, 939. 
latent heat, 939. 

Mollier diagram, 953. 
notations, 936. 
quality, 937. 
specific heats, 941. 
standard units, 936. 
tables, saturated, 945. 

superheated, 950. 
temperature-pressure, 937. 
pumps (see Pumps), 
purifiers, Tracy, 691. 
separators (sec Separators), 
traps (see Traps, steam), 
tube heaters, 589. 
turbines (see l^irbines, steam). 

Steel cliimneys, 317. 
concrete chimneys, 334. 

Stoker drives, 241. 

Stokers, 223-240. 
chain grates, 226. 
cost of, 902. 

Coxe, 227. 
front feed, 232. 


Stokers, Green, 229. 
hand operated, 223. 

Harrington, 230. 

Illinois, 228. 

Jones, 236. 
mechanical, 224-240. 

Murphy, 235. 

National, 223. 
overfeed, 232. 

Riley, 239. 

Roney, 233. 
side-feed, 234. 

Taylor, 238. 
traveling grate, 226. 

Type “E,” 237. 
underfeed, 235-243. 

Westinghouse, 239. 

Wilkinson, 233. 

Wetzel, 232. 

Stop valves, 763. 

Storage, coal, 261. 
fuel oil, 261. 

Straight-line depreciation, 879. 

Straw, fuel value, 45. 

Stress-strain diagram (Turncaure and 
Maurer), 337. 

Sub-bituminous coal, 43. 

Sulphur, combustion data, 75. 
in coal, 38. 

in lubricants, determination of, 785. 
in visible smoke, 102. 

Superheat, advantages of, 182. 
economy of, 184. 
limit of, 185. 

Superheated steam, properties of, 936- 
953. 

Superheaters, 182-205. 

Babcock & Wilcox, 188. 
coefficient of heat transerf in, 200. 
convection, 183-J90. 
duplex, 189. 

Elesco, 190. 

flooding device for, 189. 

Foster, 193. 

heat transmission in, 199. 

Heine, 195. 

high and low pressure, 196. 
independently fired, 187. 
integral, 187. 
materials for, 197. 
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Superheaters, performance of, 202. 
radiant type, 194. 
temperature range of gases in, 2(X). 
types of, 186. 

Superheating moisture in air, loss due to, 
95. 

surface, materials for, 197. 
extent of, 199, 

Superpower plant, 23. 

Superstoker, 241. 

Supports, pipe, 731. 

Surface blow, 175. 

Surface condensers (see Condensers). 
Surface, cooling for condensers, 525. 
heating for boilers, 135. 
economizer, 606-()14. 
feed-wat-er Iwuiti'is, 580. 
superheaters, 199. 

Suspended boiler setting, 122-128. 

T. 

Tachometers, 845. 

Tail pipe, 511. 

Tanbark, fuel value, 45. 

Tank, blow off, 175. 

returns, 7. 

Taxes, 875. 

Telescopic oiler, 797. 

Telpherage, 276. 

Temperature, combustion, 87. 
drop in boilers, 165. 
entropy diagram, 966-999. 
flue gas, forced ratings, 165. 
gradient in economizers, 612. 

in heaters, 591. 
initial, influence of, 136. 
kindling, fuels, 69. 
measurements, 840. 
pressure, steam, 9^7. 

Temporary hardness, feedwaters, 563. 
Testing instniments, 812-840. 

Tests, air pumps, 675. 
blowers, 362. 
boilers, 150-159. 
coal, 38. 

condensers, 513-541. 
cooling ponds, 552. 
economizers, 615. 
engines, 377-395. 


Tests, fuel-oil boilers, 15^ 
burners, 256. 
injectors, 6.50. 
lubricants, 793. 
pijK'. coverings, 736. 
pump.s, 419. 
separators, 61K). 
spray fountain, 552. 
steam jets, 343. 

superheaters, 202. , 

turbines, 4Sli-497. 

Thermal efficiency, engines, 380. 
purification, feedwater, 570. 

Thermo-cou])le, 840. 

Therinodyiiami(!s, elementary, 954-999. 
change of stiite, adiabatic, 959. 
eons! ant hi^at. content, 958. 
equal pressure, 954. 
equal volume, 956. 
isothermal, 957. 
polytropic, 9()1. 
ideal cyc'les, 966-999. 

(^arnot, 960. 

C3ausiiLs, 972. 
conv(intional diagram, 078. 
logarithmic diagram, 980. 

Rankiiio, 972. 
rectangular, 978. 
regenerative, 403, 988. 
reheating, 493, 986. 
temperature-entropy, 983. 
properties of steam, 93fi-953. 
steam turbine, 432. 

Thermometers, 838-843. 
electric resistance, 841. 
expansion, 838-841. 
optical, 842, 
radiation, 843. 
thermo-electric, 838. 

Thermostat, Powers, 767. 

Thickness of fire, 160. 
brick chimney, 325. 
steel chimney plates, 320. 

Throttling calorimeter, 854. 
moisture evaporated by, 958. 
energy loss due to, 958. 

Thrust bearing, 476, 

Total moisture in fuel. 30. 

Towers (cooling), Barnard- Wheeler, 663. 
C. H. Wheeler, 554. 
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Town refuse, 67. 

Traps (steam), 697-702. 
bucket, 698. 

Acme, 698. 
classification, 697. 
differential, 700. 

Flinn, 700. 
siphon, 701. 
dump, 698. 
t Bundy, 698. 
expansion, 699. 

Cplumbia, 699. 

Geipel, 699. 

Sarco, 700. 
silphon, 700. 

Webster, 700. 
float, 697. 

Johns-Manville, 697. 

McDaniel, 697. 
lever, 697. 
location of, 701. 
return, 702. 

Shone ejector, 705. 
types of, 697. 

Traveling coal hoppers, 293. 
grates, 226. 

Triple-expansion engines, 419. 

Triplex pumps, 644. 

Try cocks, 173. 

Tube cleaners, 177. 

Turbine pumps, 652. 

Turbine tube cleaners, 177. 

Turbines (steam), 42f)-5(X). 
advantages of, 490. 

Allis-Chalmers, 467-470. 
blade lashing, 469. 
general assembly, 468. 
piston packing, 469. 
spindle gland, 470. 
bleeder, 482. 

bucket friction loss in, 446. 
buckets, velocity diagram, 443, 464, 
470. 

carbon packings for, 461. 
clajssification of, 430. 
compound cylinder, 472. 
compound pressure, 454. 
compound velocity, 447. 
cost of, 876. 

Curtis, 454r-462. 


Turbines, Curtis, admission valve control, 
459. 

assembly of valve gear, 460. 
carbon packing, 461. 
elementary theory, 432. 
emergency governor, 460-461. 
high-pressure packing, 461. 
hydraulic cylinder, 459. 
main controlling governor, 458. 
nozzle and blade arrangement, 
456. 

performance of, 490-500. 
steam belt area, 456. 

3-stage mechanical drive, 454. 
3(),000-kw. single cylinder, 457. 
throttling governor, 454 
velocity diagram, 464. 

De Laval, 436-448. 

multi-velocity-stage, 448. 
single-stage impulse, 435. 
blade assembly, 436. 
elementary theory, 443. 
nozzle, 436. 

th(ior(5tical expanding nozzle, 
436. 

velocity diagram, 443. 
double-flow, 478. 
dummy piston, 469, 474. 
economy of spac(*, 491. 
efficiencies of, 490-500. 
effect of vacuum on, 497. 
effect of superheat on, 492-497. 
elementary theory, 432. 
emergency governors, 461. 
exhaust steam, 479. 
extraction, 482. 
gland packing, 461, 470, 474. 
heat cy(;les, 493, 986. 
high initial pressure in, 492. 
house, 621. V 
impulse, 435-466. 

compound pressure, 451. 
compound velocity, 447. 
design of multi-stage, 464, 
design of single stage, 435. 
nozzle proportions, 438. 
reaction, 472. 

Kerr, 461-463. 
labyrinth packing for, 474. 
low pressure, 479. 
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Turbine, mixed pressure, 4S1. 
multi-stage, 447, 4/)4. 
oiling systems, 80(i. 
overload capacity, 490. 
performance of, 499. 
reaction, 4(i(). 
elem(»ntary theory of, 432. 
Westinghoiise, 472. 
rtHlu(‘ti()n gc‘ars for, 400. 
regenerative cycle, 492. 
rchealcr cycle, 492. 

Ri dgway-H at , 452 . 
st:ig(j velocity, 434. 
steam consumption of, 499. 
superheat in, 492. 

Terry, 449. 
tests of, 492-499. 
thrust bearing, 476. 

\\’estinghous(‘, 450, 472. 
eUaiientary theory, 470. 

1500-k\\. assianbly, 473. 
lugh-im'SMirc iion-condeiising, 472. 
impuh»', 150. 
iinpuls(‘-r(\‘ictioii, 172. 
labyniillv piickiiig, 471. 
mixed pressure, ISl. 
oil r(‘la\ g(»v(*nior, 17S. 
porfoiinancc of lovv-pre,sMiri‘, ISO. 
IK'rfonniince of (i0,00()-k\v , 489 
single-flow reaction, 4(iti. 

35,000-kw, asscmlilv, 475. 

Turbo air jnimi)s, 6()9. 

Turf, 43. 

TuriK’aiini and Maurer, stress diagram, 
337 

IT. 

Ultirnale analysi.s, 28. 

Ihidorfeed stokers, 235. 

Uniflow engines, 197, 410. 

Ames, 423. * 

Hamsliurgh, 424: 

Mesta, 421. 

M array, 422. 

Universal, 421. 

Unit of evaporation, 143. 

Units, conversion, 1010. 
smoke, 857. 

Universal calorimeter, 855. 

Useful life of power plant apparatus, 878. 


V'acua, influence of, on engine c(K)nomy 
399 

influenee of, on turbini* ec'onomy, 497. 
Vaeiinm a.sh convenor, 281. 
augmenter, Parsons, 670. 
chain hers, (»35. 

corn'd ions for standard conditions, 
486 

(legi’cc of, 505. 

as afTcct(‘d by air, 501. 
as jdTed(‘d by aqueous vapor, 505. 
heaters, 582. 
high condcns(Ts, 506. 
pumps (.see Pump.s, vacuuni). 

Valves, angle, 7()4. 
atinosiiheru; relief, 776. 
autoinatjc stop, 7t)9. 
hack jiressun', 775. 
blow-ofl", 771. 
check. 770. 
coal, 295. 

Dean (fleet ric control, 766. 

(haphragni, 767, 
disk, 633. 

(‘uit'rgcncv, 768. 
foot, 776. 
gate, 7t)3. 
globe, 7()2 

hydraulically o])('i’a((Ml, 765. 
noii-ivturn, 76J). 
pn's.sur(* regulating, 777, 
puTn])s, (>33. 
reducing, 777. 
rcinot(‘ contiol, 765. 
safet y, 772 
.stop, 7()3 

Va.n Stone joint, 718. 

V-buchet conveyor, 270. 

Vegetable oils, 780. 

Volocit}'^ diagrams hsee n;iine of apfiaratus 
in (iiu'stioii ), 

Venturi ineler, 821. 

Vertical t ubular lioih'rs, 115. 

Viseo.sity ol oils, 7t)2. 

Vi.sibk; smoke, loss dui; to, 101. 

Volatil(‘ matter in coal, 27. 

Volumc'tnc cflicic'ncy, 360. 

flow meters, 817. 

Volute centrifugal pump, 652. 
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W. 

Wall brarkots, piping, 731. 

Wii.shod mal, .'^1. 

Wa8to-hoa1 boilors, J34. 

Rases, (>4. 

Water, alkaliiiily of, 567. 
analysis, 
eoluiruis, 173. 
eondensiiiR, r>ir), 523. 
eooliriR systems, 549. 
flow of, in pipers, 75S. 
fri(;tion eoeffi<aent, in pipes, 760. 

RaRos, 17.3- 
hardiH^ss of, .563. 
iiHiasureint'nfs of, 817. 
meters, SI 7. 
piirifyinR iilants, ,574. 
rates, prime mover (.see name of ap 
paratus). 


Water, 'sereens, 557. 

softeniiiR plants, 574. 

W'catlierinR of coal, 41. 

WciRhiiiR fuel, 294. 
water, 817. 

Weir measurements, 825. 

Welded pipe flanges, 717. 

Wet aft* or vacuum pumps, 661—669. 
Willans line, 377. 

Wind pressure, .319, 

WiiiR-wall furnace, 219. 

Wire drawing, .390. 

Wood, fuel value of, 44. 

Wrought iron pipe, 707. 


Z. 

'/ieoIiLe water softener, 578. 



